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ABSTRACT 
 
Mild traumatic brain injury (mTBI) and post-traumatic stress disorder (PTSD) are 
serious pathological conditions that often co-occur following exposure to a traumatic 
experience. Despite the high comorbidity of mTBI and PTSD, the relationship between 
these two disorders is poorly understood. One mechanism that may link these two 
conditions is an alteration in fear-associated learning. Changes in fear-associated 
learning, specifically in extinction retention, have been reported in PTSD patients and 
rodent models of PTSD, and we hypothesized that mTBI leads to deficits in fear 
extinction and extinction retention that predispose patients to PTSD development. 
We explored the effect of controlled cortical impact (CCI) and single prolonged 
stress (SPS), models of mTBI and PTSD, on fear-associated learning and extinction in 
rats. We observed increased freezing in CCI-injured animals throughout the extinction 
phase in both experiments, suggesting that the rate of fear extinction is impaired 
following brain injury in rodents. 
We also investigated changes in fear-associated learning in patients with recent 
mTBI using a previously-validated fear conditioning task with functional magnetic 
resonance imaging (fMRI). Subjects in the mTBI group demonstrated greater differential 
skin conductance response (SCR) to conditioned stimuli during fear extinction versus 
trauma-exposed controls. Additionally, the mTBI group showed greater differential 
activation versus controls in dorsal anterior cingulate cortex (dACC) and bilateral insula 
  xi 
during late fear extinction and greater activation in dACC and bilateral amygdala during 
late extinction retention testing. Additionally, differential activation to conditioned stimuli 
in dACC was directly correlated with differential SCR during late extinction. 
Together, these results demonstrate altered extinction learning in an animal 
model of TBI and in patients with recent mTBI, and these differences are associated 
with hyperactivation of brain regions known to be involved in extinction learning and the 
fear response. 
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CHAPTER I 
Introduction 
 
Mild Traumatic Brain Injury and Posttraumatic Stress Disorder 
 Mild traumatic brain injury (mTBI) is an extremely common consequence of injury 
that often leads to significant, debilitating symptoms, including headache, fatigue, visual 
changes and problems with mood, cognition, memory and attention (Corrigan, 2010). It 
is estimated that 1.5 million Americans seek treatment for TBI every year, with many 
more undiagnosed cases (National Center for Injury Prevention and Control, 2003). 
75% of these TBIs are classified as mild TBI (National Center for Injury Prevention and 
Control, 2003), which often cannot be detected with conventional computed tomography 
(CT) and magnetic resonance imaging (MRI) methods (Shenton et al., 2012). Each 
year, mTBI is estimated to cause $16.5 billion in total lifetime cost in the USA, and this 
number does not include injuries only treated in EDs and injuries treated in other, non-
hospital settings (Thurman, 2001). mTBI is an especially significant in the military, as 
19.5% of veterans from Operation Enduring Freedom (OEF) and Operation Iraqi 
Freedom (OIF) report experiencing an mTBI (Tanielian and Jaycox, 2008).  
 mTBI is currently defined by the CDC as brain injury with one or more of the 
following symptoms: confusion or disorientation, loss of consciousness (LOC) for up to 
30 minutes, posttraumatic amnesia (PTA) for up to 24 hours and/or transient 
neurological symptoms (including seizures, irritability, lethargy, vomiting, headache, 
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dizziness, fatigue or poor concentration) (Carroll et al., 2004). Additionally, patients 
must have a Glasgow Coma Scale (GCS) score of 13-15 after 30 minutes post-injury, 
and mTBI symptoms must not be due to drugs, medications, caused by other injuries or 
problems, or caused by a penetrating head injury (Carroll et al., 2004). By its nature, 
TBI is a quite heterogeneous injury, in both mechanism and clinical presentation 
(Rosenbaum and Lipton, 2012). The clinical course following mTBI is extremely 
variable, as a majority of mTBI patients see their symptoms resolve within two weeks, 
while approximately 6-15% continue to have symptoms for over a year, or even 
permanently (Morissette et al., 2011). Additionally, mTBI exposure is associated with an 
increased incidence of a variety of psychiatric disorders, including bipolar disorder, 
major depressive disorder, generalized anxiety disorder and posttraumatic stress 
disorder (PTSD) (Stein et al., 2015, Warren et al., 2015). The relationship between 
mTBI and PTSD is of particular interest because the development of both disorders 
requires a traumatic event. Therefore, it is quite possible that they share neurobiological 
characteristics, although it is unclear whether mTBI is a predisposing factor for the 
development of posttraumatic stress symptoms. Some early evidence suggested that 
PTSD could not follow TBI because impaired consciousness prevented trauma patients 
from encoding memories of the traumatic experience (Sbordone and Liter, 1995). 
However, a number of subsequent studies have found that PTSD does occur commonly 
after TBI (Bryant and Harvey, 1998, Hickling et al., 1998, Levin et al., 2001, Hoge et al., 
2008), and many studies have even observed PTSD development following severe TBI 
(McMillan, 1991, 1996, Bryant et al., 2000). 
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 PTSD is a significant public health challenge that affects 7-8% of the general 
population (Kessler et al., 1995). Like mTBI, these numbers are even higher in 
veterans; 13.8% of those returning from Operation Enduring Freedom (OEF) and 
Operation Iraqi Freedom (OIF) developed PTSD (Tanielian and Jaycox, 2008). By 
definition, PTSD must be preceded by the patient experiencing, witnessing or being 
confronted by an event or events that involve actual or threatened death or serious 
injury, or a threat to the physical integrity of oneself or others (American Psychiatric 
Association, 2013). Patients must have one or more intrusive symptoms, including 
flashbacks, dreams, recurrent memories of the event, and one or more avoidant 
symptoms like avoiding talking about event or activities that remind one of the event 
(American Psychiatric Association, 2013). Two or more hyper-arousal symptoms i.e. 
sleep disturbance, feeling jittery, problems concentrating and two or more negative 
alterations in cognition or mood are also required (American Psychiatric Association, 
2013). These symptoms must last longer than one month and have functional 
significance to make a diagnosis of PTSD (American Psychiatric Association, 2013). 
Like mTBI, PTSD is a costly and debilitating outcome of a traumatic event, and the 
burden of these two diseases is even greater since they often occur together. 
 The link between mTBI and PTSD has been well-reported, with a preponderance 
of epidemiological data showing that people who have sustained mTBIs have a 
significantly higher rate of PTSD than trauma-matched controls. This includes OEF/OIF 
veterans (Hoge et al., 2008, Schneiderman et al., 2008) as well as civilian survivors of 
trauma (Mollica et al., 2002, Bryant, 2010). Three separate studies of military veterans 
found a strikingly consistent rate of PTSD among OEF/OIF veterans reporting TBI, as 
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33 to 39% of those surveyed screened positive for PTSD (Hoge et al., 2008, 
Schneiderman et al., 2008, Tanielian and Jaycox, 2008), compared with just 13.8% of 
OEF/OIF veterans in general (Vasterling, 2012). Several prospective studies have been 
published recently that further cement this relationship. One study of 494 hospital-
admitted trauma patients found significantly greater rates of PTSD in mTBI patients 
versus injury-matched controls at both 3-month and 6-month follow up periods (Warren 
et al., 2015). A similar study of 1,361 injured emergency department patients found that 
mTBI was a significant predictor of PTSD diagnosis at 3-months post-injury, with an 
odds ratio of 4.47 (95% CI, 2.38-8.40) (Lagarde et al., 2014). Additionally, a longitudinal 
study of 4,645 American soldiers deployed to Afghanistan found increased rates of 
PTSD and posttraumatic stress symptoms (PTSS) in soldiers who reported an mTBI at 
3 months and 9 months after their return to the United States (Stein et al., 2015). 
Despite the numerous large-cohort longitudinal studies that have confirmed the high 
comorbidity of TBI and PTSD, the relationship between these two disorders is poorly 
understood. A better comprehension of this relationship is extremely important, as 
patients with comorbid PTSD and mTBI may be resistant to common treatments for 
either disorder, including prolonged exposure therapy (due to cognitive deficits 
commonly found following mTBI). Understanding the mechanisms underlying the 
relationship between mTBI and PTSD will allow for improved treatments of these 
common outcomes of trauma. 
 
Fear-Associated Learning 
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 One mechanism that may link mTBI and PTSD is an alteration in fear-related 
behaviors that can be modeled using fear-associated learning. Fear-associated learning 
has been used extensively in both animals and humans because it is a convenient, 
albeit necessarily simplified, model of the acquisition and maintenance of fear 
responses, and altered fear learning has been hypothesized to play an important role in 
the development of PTSD and anxiety disorders (Greco and Liberzon, 2016). By 
definition, patients with PTSD have inappropriately heightened fearful responses (or 
hyperarousal) to environmental cues and contexts that are in reality safe. These real-
world behaviors have been modeled using fear conditioning tasks, and deficits in 
extinction recall and fear renewal have been observed in PTSD patients in a number of 
recent studies (Milad et al., 2009, Garfinkel et al., 2014, Shvil et al., 2014). Since fear-
associated learning has been used effectively to examine fear-related behaviors in 
several different patient populations and animal models, it should also be quite effective 
in investigating whether mTBI causes differences in emotional learning that overlap or 
potentiate the deficits that are commonly seen in patients with PTSD. 
 Fear-associated learning (fear conditioning and extinction) has been used for 
decades to study the neurocircuitry that underlies emotional learning. Animal studies of 
fear conditioning have established the regions and systems responsible for emotional 
processing, and these findings have provided a basis for our understanding of the 
corresponding neurocircuitry in humans. However, it was with the development of 
functional neuroimaging techniques in the 1990s that researchers have been able to 
examine whether the regions found to be involved in emotional learning in rodents are 
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also responsible for similar processes in humans. The classical fear-associated learning 
paradigms in animals and humans is displayed in Figure I.1.  
 At its most basic level, fear conditioning involves the association of a neutral 
conditioned stimulus (CS, often a tone or image) with an aversive unconditioned 
stimulus (US, often electrical shock or a loud noise).  After repetitive presentations of 
the CS with the US, the CS begins to elicit a conditioned response (CR) that occurs 
independently of the US. In rats, the CR is typically assessed by measuring freezing or 
fear-enhanced startle response, and in humans the CR is often assessed via 
psychophysiological measures such as skin conductance response (SCR), 
electromyography (EMG) or changes in heart rate. During fear extinction, the previously 
fear conditioned CS is presented repeatedly, without the US, usually in a different 
environment (context). Over time, the CS is no longer associated with the conditioned 
response when presented in extinction context. Fear extinction is thus an effective 
model of learning establishing that previously “dangerous” stimuli are no longer 
threatening and are therefore “safe”. Furthermore, exposure therapy that is commonly 
used in anxiety disorders involves components of fear extinction. Finally, during 
extinction retention (or recall) and fear renewal, the appropriate, context-specific 
retrieval of previously acquired fear and safety memory traces is tested. Studying 
extinction retention and fear renewal in humans elucidates how people use contextual 
processing to disambiguate the various co-occurring environmental cues indicative of 
both safety and fear. 
  Animal studies of fear-associated learning have provided an understanding of the 
brain circuits that govern fear conditioning and extinction, and in general, these findings 
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have been corroborated by human neuroimaging studies. The neuronal circuitry 
conserved across species involves the amygdala as a key region involved in acquisition 
of the fear response in both animals and humans. The amygdala receives inputs from 
somatosensory cortex, thalamus and hippocampus, which encodes contextual 
information and compares current contextual cues to previously encoded memories 
(Maren and Quirk, 2004). Basolateral amygdala (BLA) receives these various sensory 
and contextual inputs, and a CS-US trace is formed. The centro-medial amygdala 
receives information from BLA, as well as other direct inputs, and projects to the 
hypothalamus, periaqueductal grey and other brain stem nuclei, causing the behavioral 
and physiological changes associated with the conditioned response. Interestingly, it 
appears that acquisition of the extinction memory also occurs in BLA, while the 
hippocampus plays an important role in the consolidation of extinction (Quirk and 
Mueller, 2008), and mPFC seems to be important in the retrieval of the extinction 
memory (Davis, 1992). Additionally, numerous studies suggest that the central 
amygdala plays a critical role in fear learning (Li et al., 2013, Penzo et al., 2014, Penzo 
et al., 2015), and optogenetic studies suggest that different projections to the central 
amygdala enhance or inhibit fear learning (Tye et al., 2011). These complementary 
pathways could explain how the central amygdala appears to be involved in both fear 
acquisition and extinction, as separate inputs to this region both increase and decrease 
the fear response.  
 To date, the majority of human neuroimaging studies of fear conditioning and 
extinction have been performed using functional magnetic resonance imaging (fMRI). 
FMRI allows researchers to identify the neuronal circuitry involved in performing various 
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tasks by measuring blood-oxygen level dependent (BOLD) effects.  More recent work 
has used functional connectivity measures that analyze the time courses from the 
BOLD fMRI signal to glean information about how various regions in the brain 
communicate with one another. FMRI has often been paired with psychophysiological 
measures such as skin conductance response (SCR), fear-potentiated startle response 
or changes in heart rate in order to assess the connection between brain activity and 
conditioned response in humans. 
 A variety of stimuli have been used and validated in human studies of fear 
conditioning, with the CS+ typically a distinct visual cue or sound, and the US a mild 
electrical shock, an aversive loud noise or less frequently, an unpleasant smell or an 
uncomfortable visceral stimulus (Kattoor et al., 2013, Gramsch et al., 2014, Kattoor et 
al., 2014). Human fear conditioning studies typically include a second cue (CS-) that is 
not associated with the US, allowing for a comparison of the CS+ and CS- responses to 
isolate the conditioned response using psychophysiological measures and the neural 
correlates of fear conditioning using neuroimaging techniques. 
 Early studies using fMRI found differential responses (to CS+ vs CS-) in ACC, 
anterior insula, hippocampus and amygdala using both trace and delay conditioning 
paradigms (Buchel et al., 1998, LaBar et al., 1998, Buchel et al., 1999). These findings 
have been consistently replicated by other research using fMRI (Armony and Dolan, 
2002, Critchley et al., 2002, Knight et al., 2005, Marschner et al., 2008, Knight et al., 
2009, Reinhardt et al., 2010, Bach et al., 2011, Andreatta et al., 2012, Pohlack et al., 
2012b, van Well et al., 2012), as well as PET (Furmark et al., 1997) and MEG (Moses et 
al., 2007, Balderston et al., 2014). Activation in amygdala, anterior insula, ACC and left 
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PFC has also been observed while subjects viewed a movie of someone else 
undergoing fear conditioning (Olsson et al., 2007, Ma et al., 2013), suggesting similar 
processes of fear learning can be elicited without directly experiencing the US. Over the 
course of fear conditioning amygdala activation typically decreases, as does 
hippocampal activation during trace conditioning (Buchel et al., 1998, LaBar et al., 1998, 
Buchel et al., 1999, Reinhardt et al., 2010). Meanwhile, ACC and insula activation 
remain more consistent (Buchel et al., 1999), suggesting that amygdala and 
hippocampus may play a key role during acquisition of conditioned response, while 
ACC and insula are more involved in CR expression. These results closely resemble 
findings observed in animal models of fear conditioning, with additional cortical regions 
implicated mainly in human neuroimaging experiments. One recent large meta-analysis 
of fear conditioning experiments (Fullana et al., 2015) involving 677 subjects further 
confirmed large-scale activations in ACC/mPFC and the anterior insula, as well as 
additional cortical regions (supplementary motor area, dorsolateral PFC and 
precuneus), ventral striatum and midbrain. These were interpreted as representing a 
“central autonomic-interoceptive” network. Interestingly, amygdala signal was not found 
in this analysis, and the authors interpret these negative findings (and the strong ACC 
and anterior insula) signals in light of the fact that human studies primarily involve 
conscious fear processing. However, the authors also acknowledge that the meta-
analytical approach is subject to false negative errors, as well as specific technical 
difficulties in imaging small structures. 
 Among the regions implicated by neuroimaging studies of fear-associated 
learning, the roles of mPFC and, to some degree, the dACC in fear conditioning have 
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been debated, with some studies suggesting that these regions are involved specifically 
in instructed fear learning. However, a meta-analysis of previous work and a study using 
both instructed fear and Pavlovian conditioning showed that these regions are activated 
across a variety of different fear conditioning paradigms (Mechias et al., 2010, Maier et 
al., 2012). DACC thickness also directly correlates with SCR during conditioning (Milad 
et al., 2007). Thus, dACC and dmPFC appear to play a role in general threat appraisal 
across a variety of fear conditioning paradigms. The mPFC also appears to be involved 
in fear acquisition in rodents, but it is not required for fear learning (Etkin et al., 2011). 
Ventral infralimbic (IL) and dorsal prelimbic (PL) regions that are analogous to the 
mPFC in humans project to neurons in both central (Quirk et al., 2003) and basolateral 
(Rosenkranz et al., 2003) amygdala, with IL seemingly more important in inhibitory 
innervation to central amygdala (Vertes, 2004). These findings, and in particular the 
direct connections between mPFC and amygdala, support the notion that dmPFC might 
play a modulatory or supportive role during fear acquisition. Varying the contingency 
rate between the CS and US in human studies have implicated additional candidate 
regions in fear conditioning. In addition, human studies that varied the contingency rate 
between the CS and US have implicated additional cortical regions in fear conditioning. 
Studies using high contingency rates show that dlPFC is commonly activated when the 
threat is highly predictable (Eippert et al., 2012, Wheelock et al., 2014). This raises the 
possibility that that working memory processes in dlPFC become involved once the CS-
US pairing has been explicitly learned. The use of a partial reinforcement schedule 
eliminates this cognitive expectancy effect and limits the role of explicit, declarative 
memory in the process. Amygdala activation has been observed independent of 
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contingency awareness (Tabbert et al., 2011), while interestingly, increased CS-US 
contingency and US expectancy has been associated with decreased activation in 
regions implicated in fear learning, including amygdala, insula, ACC, and vmPFC 
(Dunsmoor et al., 2008, Knight et al., 2010, Wood et al., 2012, Wood et al., 2013). The 
aforementioned meta-analysis (Fullana et al., 2015) also found that higher 
reinforcement rates were associated with lower activation in rostral dACC/dmPFC, 
ventral anterior insula and right secondary somatosensory cortex. This potentially 
suggests that when implicit learning has taken place, there is less robust activation of 
the basic fear-associated learning circuitry described above.  
 Structural studies have also linked increased SCR during fear acquisition to 
some of the same key regions implicated by functional neuroimaging studies, 
particularly amygdala (Cacciaglia et al., 2014, Winkelmann et al., 2015). Increased 
insula thickness was also associated with a greater conditioned response during 
conditioning (Hartley et al., 2011). However, positive correlations between conditioned 
response to CS+ during conditioning and regional thickness found in the amygdala and 
insula have not been universally observed when the association between hippocampal 
volume and fear acquisition has been examined. Larger hippocampal volumes have 
been associated with greater ability to discriminate between contexts (Pohlack et al., 
2012a), and smaller hippocampal volumes have been associated with decreased 
conscious cue discrimination but not differences in SCR (Cacciaglia et al., 2014).  
 In agreement with animal studies, contextual fear conditioning studies (where the 
US is delivered in a danger context without a CS) in humans have also implicated the 
amygdala, hippocampus and mPFC as key regions in this process, although the 
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number of studies that have used contextual conditioning in humans is quite limited. 
One study analyzing differential responses during contextual conditioning found that 
activation in medial amygdala was coupled with activation in several important fear 
learning regions, including hippocampus, anterior insula, parahippocampal gyrus, 
subgenual ACC and OFC (Alvarez et al., 2008). This analysis fits with findings from 
cued conditioning that identified these regions as areas involved in either fear learning 
or the recognition of fearful stimuli. Importantly, the hippocampus plays a central role 
during contextual conditioning, as several studies have established (Alvarez et al., 
2008, Andreatta et al., 2015). One recent study also reported that initial activity in 
contextual conditioning was found in dorsomedial PFC, dorsolateral PFC and OFC 
(Andreatta et al., 2015). These results corroborate the current understanding of 
prefrontal-hippocampal circuitry and connectivity as the key network responsible for 
contextual processing (Maren et al., 2013, Preston and Eichenbaum, 2013). 
 Functional connectivity analyses have been used more recently to examine the 
connectivity between brain regions during fear conditioning tasks. Analyzing the time 
courses of data collected with BOLD fMRI allows for the identification of regions that are 
activated and deactivated simultaneously, suggesting that these areas are functionally 
connected. Additionally, resting state fMRI has been used before and after fear 
conditioning in an attempt to measure the connections between brain regions at rest 
and how differences in this connectivity might correlate with changes in fear 
conditioning. Studies during or immediately following fear acquisition have found that 
several regions implicated by previous neuroimaging studies of fear conditioning also 
show functional connectivity with each other. During conditioning, increased connectivity 
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between amygdala and a variety of regions, including hippocampus, vmPFC, dlPFC and 
ACC was associated with higher conditionability as well as neuroticism (Tzschoppe et 
al., 2014). Immediately following fear acquisition, subjects have shown enhanced 
amygdala-dACC and hippocampus-insula functional connectivity, as well as less 
amygdala-mPFC functional coupling (Feng et al., 2014), although a different study 
reported greater amygdala-dmPFC functional connectivity (Schultz et al., 2012). In 
another study, resting dACC metabolism positively predicted differential SCR response 
and SCR performance was positively correlated with the amygdala-ACC connectivity 
(Linnman et al., 2012b). These results support the hypothesis that fear conditioning 
involves communication and modification of the connections between the same regions 
implicated in previous neuroimaging studies and studies using rodent models, but the 
specific mechanism and the exact changes have to be further elucidated.  
 Neuroimaging studies of fear extinction have provided insight into how humans 
associate previously aversive stimuli, with safety. In concert with the animal literature, 
amygdala activation has also been observed during extinction learning in humans, and 
similarly to the observation in the amygdala during fear acquisition, this effect is often 
graded through the course of extinction (LaBar et al., 1998, Gottfried and Dolan, 2004, 
Phelps et al., 2004). BLA is activated when CS-US associations become more 
predictable (Boll et al., 2013) suggesting that BLA encodes information about the 
relationship between the CS and the US. This is in concert with our understanding of 
the role of BLA in extinction learning from animal studies (Quirk and Mueller, 2008). 
Interestingly, a meta-analysis that combined fear extinction with additional “emotional 
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regulation” experiments confirmed amygdala activation across these types of studies 
(Diekhof et al., 2011) with the vmPFC activated specifically in fear extinction studies. 
 The role of vmPFC in extinction learning has been discussed extensively in 
recent years. Although these findings have been reported by fewer studies than findings 
in the amygdala, several studies have replicated findings in rodents suggesting that 
vmPFC plays a role in extinction learning (Gottfried and Dolan, 2004, Phelps et al., 
2004). vmPFC activation is also observed in fear reversal tasks (a modified acquisition 
task that flips the CS+ and CS- halfway through the run) when a CS that used to be 
associated with fear is now safe (Schiller et al., 2008). Evidence from the animal 
literature (Quirk and Mueller, 2008) shows that lesions of the vmPFC cause problems 
with extinction recall, but it is unclear whether this was indicative of a role of vmPFC in 
actual extinction learning, the consolidation of the extinction memory, or extinction 
recall. However, as more neuroimaging studies have included the fear extinction 
retention phase, evidence is accumulating that vmPFC is particularly important in the 
recall of extinction in subsequent testing.  
 More recently, studies have started to examine the extinction retention (or recall) 
and the fear renewal phases, which are usually tested 24 hours following the extinction 
phase. Both examine responses to the extinguished cue (CS+E); however, in extinction 
retention this cue is presented in the extinction (safe) context, and in fear renewal it is 
presented in the original fear acquisition (danger) context or a novel context. It has been 
reported that vmPFC plays an important role in extinction retention (Kalisch et al., 
2006), corroborating animal work implicating the region in the recall of the extinction 
memory. Activity in vmPFC has also been found to be highly correlated with 
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hippocampal activation during extinction retention, and this activation was also 
negatively correlated with skin conductance response indicative of the expression of the 
extinction memory (Milad et al., 2007). Further studies have also found that the degree 
of fear extinction retention is positively correlated with vmPFC thickness (Milad et al., 
2005, Hartley et al., 2011, Winkelmann et al., 2015). The role of vmPFC in modulating 
response during extinction recall has also been observed using EEG (Mueller et al., 
2014), although the limited spatial resolution of EEG makes it difficult to pinpoint activity 
specifically to the vmPFC. The hypothesis that vmPFC modulates amygdala activation 
during this process has been recently supported by fMRI findings in patients with 
vmPFC damage (Motzkin et al., 2015, and baseline amygdala metabolism has been 
negatively correlated with activation in vmPFC during extinction recall (Linnman et al., 
2012a). All of this evidence points to the critical role of vmPFC in extinction recall, and 
its close relationship with hippocampus suggests it may be involved in the context-
dependent expression of the extinction memory. 
 
Fear-Associated Learning in PTSD 
 Among various psychiatric disorders, fear conditioning and extinction research 
has been particularly salient to our understanding of PTSD, phobias and other anxiety 
disorders. With respect to PTSD, fear-associated learning has been utilized both in 
studies of PTSD patients and in studies using animal models of PTSD with remarkably 
converging findings. A summary of findings in fear-associated learning studies of PTSD 
patients is listed in Table I.1. While alterations during fear acquisition (Linnman et al., 
2011) or extinction (Fani et al., 2012) in PTSD patients have been occasionally 
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reported, in general the preponderance of the findings suggest that fear acquisition and 
extinction are overall preserved in PTSD patients (Milad et al., 2009, Garfinkel et al., 
2014, Shvil et al., 2014) as well as in animal models of PTSD (Knox et al., 2012a). 
  In contrast, abnormalities in extinction retention and fear renewal have been 
consistently demonstrated both in an animal model of PTSD (Knox et al., 2012a) and in 
PTSD patients, with associated changes in regional brain activation and volume. Briefly, 
fear renewal involves a previously extinguished CS that is presented either in the fear 
context (the context that was used for fear acquisition) or a novel context, and no US is 
presented. Similar to extinction retention testing, the context triggers recall of CS 
memory; however, here it triggers the fear trace rather than the safety trace. PTSD 
patients have demonstrated lower activation in hippocampus and vmPFC, and greater 
activation in dACC during extinction recall (Milad et al., 2009, Rougemont-Bucking et 
al., 2011), changes that have also been associated with higher SCR to CS+E signifying 
impaired recall (Milad et al., 2009). Our laboratory demonstrated higher SCR and 
greater amygdala activity to the CS+E during extinction recall in PTSD patients 
(Garfinkel et al., 2014). We also observed altered fear renewal in PTSD patients, with 
lower SCR to the CS+E, and lower activity in amygdala and vmPFC as compared with 
combat controls. Greater activation in insula during extinction recall and fear renewal 
was also observed. Since both extinction recall and fear renewal are dependent on 
contextual disambiguation of the CS, the deficits in both processes strongly implicate 
abnormalities in contextual processing during fear-associated learning in PTSD. This is 
also very consistent with the abnormalities observed in hippocampal-mPFC circuitry, as 
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these structures play a key role in the contextualization of memory (Maren et al., 2013, 
Preston and Eichenbaum, 2013).  
  In concert, in an animal model of PTSD developed in our laboratory, single 
prolonged stress (SPS) (Liberzon et al., 1997), both abnormal fear renewal (Knox et al., 
2012a) and changes in hippocampus and mPFC (Knox et al., 2012b) have been 
consistently demonstrated. Volumetric findings of reduced hippocampal volume, 
reduced vmPFC volume, and reduced gray matter density in dACC are also associated 
with PTSD symptomology (Gilbertson et al., 2007, Bonne et al., 2008, Rogers et al., 
2009, Kuhn and Gallinat, 2013), further implicating hippocampal-prefrontal involvement. 
It should be noted that one study of men and women with PTSD found that only men 
showed deficient extinction recall, and men also showed greater activation in ACC 
compared to women during recall (Shvil et al., 2014). These results might reflect 
findings in studies performed in healthy subjects that demonstrate gender differences in 
fear-associated learning. In sum, patients with PTSD show impairments in the 
contextual modulation of both fear extinction and enhancement, and these deficits may 
directly contribute to the development of PTSD symptoms (Milad et al., 2008). 
 
Fear-Associated Learning in mTBI 
  Fear-associated learning in animal models of TBI is a rapidly expanding 
literature, but a variety of different models and no generally-accepted parameters within 
those models has led to quite inconsistent findings. Studies using lateral fluid 
percussion (LFP), weight drop and blast models of injury (Elder et al., 2012, Meyer et 
al., 2012, Reger et al., 2012) first suggested that these injuries led to enhanced fear 
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acquisition. However, a subsequent study using a blast injury model found a decreased 
conditioned fear response in injured animals (Genovese et al., 2013), and a recent 
study using the LFP model found decreased freezing behavior during fear acquisition 
testing (Palmer et al., 2016). These studies did not examine freezing behavior over time 
during their acquisition testing, in which animals were re-exposed to the danger context 
without presentation of the CS (in the case of contextual conditioning) or with 
presentation of the CS (cued conditioning). One possible explanation for the results 
observed in these studies is that increases in freezing behavior during so-called 
acquisition testing are deficits in fear extinction that have been collapsed across the 
course of the presentation of US or context. The acquisition testing lasted anywhere 
from 3 to 8 minutes, and depending on the study, could be long enough to start the 
process of extinction in some animals. In paradigms that have a short acquisition phase, 
it may take only a few minutes of cue or context presentation for animals to begin 
learning safety; in fact, in previous studies in our lab, decreased freezing behavior 
indicative of extinction learning typically starts after three CS trials (that last a total of 
three minutes) (Knox et al., 2012). By collapsing freezing behavior across the first 8 
minutes of the acquisition test, differences in the way that animals are learning safety 
may confound measures of the retrieval of the acquisition memory. 
  Several studies have looked at trial-by-trial freezing behavior, and the results of 
these experiments have also been mixed. One study using the controlled cortical impact 
(CCI) model in mice before and after conditioning found no effect of injury on freezing 
behavior during acquisition, extinction or extinction recall, in spite of the fact that the 
parameters used in the experiment were quite severe for mice (3 mm diameter impact, 
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impact velocity of 6 m/s, 100 ms duration, 0.6 mm depth), causing a significant lesion in 
cortex and ipsilateral hippocampus (Sierra-Mercado et al., 2015). Also, mice that 
underwent a repetitive TBI injury, in which two external impacts were delivered with a 
rubber-tipped CCI device, showed no differences in freezing behavior during cued or 
contextual conditioning and extinction testing (Klemenhagen et al., 2013).  
  Nonetheless, three recent publications in three separate models of TBI suggest 
that extinction, in fact, might be impaired in models of TBI. Heldt et al. (2014) observed 
increased freezing behavior in mice throughout cued extinction on consecutive days 
with a blast model, and Schneider et al. (2016) observed increased freezing behavior in 
contextual fear extinction in a CCI model of mice. Finally, a recent study combined a 
stress model (social defeat) with a closed-head weight drop model of TBI and found 
increased freezing during contextual extinction in social defeat/injury and no stress / 
injury groups versus the control / sham group (Davies et al., 2016). 
  Two recent experiments have combined stress models with TBI models and fear 
conditioning with inconsistent results. As mentioned above, Davies et al. (2016) used a 
model of social defeat stress and found increased freezing during contextual extinction 
testing in both injured rats and stress rats versus controls. They tested fear extinction on 
2 more consecutive days, and found that only the combined stress and injury group 
showed impairments in two subsequent rounds of extinction testing (similar to extinction 
retention testing), suggesting that stress and injury together may cause deficits in 
extinction retention. Additionally, Ojo et al. (2014) combined an external CCI model with 
a 21-day unpredictable stress paradigm with predatory odor and footshock. Using 
contextual and cued fear acquisition testing nine days after fear conditioning, they found 
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increased freezing in the stress and stress-mTBI groups versus controls (Ojo et al., 
2014). Extinction was not tested. More investigation clearly needs to be done on the 
combinatorial effects of stress and brain injury, especially in a model of PTSD with 
cross-validation to behavioral differences in human PTSD patients and with a fear-
associated learning paradigm that has been shown to properly assess these 
differences. 
 
Neural Circuits and Regions Implicated in mTBI, PTSD and Fear Conditioning 
  Several brain regions that have been implicated in fear-associated learning in 
healthy subjects have been found to be affected in mTBI and PTSD patients. As 
established earlier, dACC and insula are integral regions in the production and 
expression of the fear response, and differences in both of these regions have been 
observed in fear-associated learning studies in PTSD patients (Linnman et al., 2011, 
Sripada et al., 2013, Garfinkel et al., 2014, Shvil et al., 2014). Additionally, dACC and 
insula are commonly implicated in fMRI studies of mTBI (Smits et al., 2009, Eierud et 
al., 2014), and measures of brain damage and altered connectivity following mTBI most 
often pinpoint frontal tracts nearby these regions, including the genu of the corpus 
callosum and cingulum tracts (Eierud et al., 2014, Mayer et al., 2015).  
  Amygdala has been shown to be involved in both fear expression throughout fear 
associated learning, as well as encoding of CS-US contingency in both fear acquisition 
and extinction (Maren et al., 2013, Greco and Liberzon, 2016). Reduced amygdalar 
volume has been observed in studies of mTBI patients (Depue et al., 2014, Zagorchev 
et al., 2016), and a variety of neurobiological and neurophysiological changes have 
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been reported in amygdala in animal models of TBI. Unfortunately, these changes are 
inconsistent, with studies finding increased NMDA receptor expression in BLA (Reger et 
al., 2012) and increased neuronal cell numbers in BLA (Meyer et al., 2012) while others 
observed decreased numbers of excitatory neurons in BLA (Heldt et al., 2014) and 
decreased excitability in BLA (Palmer et al., 2016). Nonetheless, the implication of 
amygdala in studies of mTBI, as well as numerous studies of PTSD (Milad et al., 2009, 
Linnman et al., 2011, Sripada et al., 2013, Garfinkel et al., 2014), suggest that changes 
in amygdala following mTBI may be associated with differences in fear learning. 
  Hippocampus is another key node in the fear-associated learning circuitry that 
has been implicated in PTSD, animal models of mTBI and limited studies of patients 
with mTBI. Like the amygdala, the hippocampus has been hypothesized to be involved 
throughout fear-associated learning, particularly in the encoding of the context (both 
danger context in acquisition and safety context in extinction) and later retrieval of 
context-dependent information (Maren et al., 2013). The hippocampus is intimately 
linked with amygdala in fear-associated learning, and contextual comparisons made in 
the hippocampus are thought to activate the CS+/US and CS-/no US associations in 
amygdala (Maren et al., 2013). Like dACC, insula and amygdala, differences in BOLD 
signal in hippocampus have been observed in fear-associated learning studies in PTSD 
patients (Milad et al., 2009, Linnman et al., 2011, Sripada et al., 2013). mTBI has been 
associated with decreased hippocampal volume (Zagorchev et al., 2016), and 
interestingly, one study found that TBI patients who developed mood disorders had 
smaller hippocampal volumes than TBI patients who did not have mood disturbances 
(Jorge et al., 2007). In animal models of TBI, a number of different changes have been 
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observed in hippocampus, including neuronal cell loss (Colicos et al., 1996, Kim et al., 
2001, Meyer et al., 2012, Aungst et al., 2014), deficient long-term potentiation 
(Schwarzbach et al., 2006, Atkins, 2011, Aungst et al., 2014) and decreased 
glucocorticoid receptor concentration (Gao et al., 2012, Griesbach et al., 2012). 
Changes in hippocampal neurogenesis and differences in hippocampal activation may 
be associated with deficient contextual encoding in mTBI and fear-associated learning 
deficits that could lead to increased posttraumatic stress symptoms. 
 
Hypothesis and Aims 
  Based on the evidence presented above and the strong links between the mTBI 
and PTSD reviewed earlier, we hypothesized that mTBI leads to deficits in fear-
associated learning that predispose patients to PTSD development following brain 
injury. We particularly anticipated deficits in extinction retention, as this process is most 
commonly affected in PTSD patients. We were interested in studying all phases of fear 
learning, as no previous work had been performed in human mTBI subjects and, as 
shown above, results in animal models of brain injury have not been entirely 
inconsistent. We thus allowed for the possibility that differences in other aspects of fear-
associated learning (i.e. impaired fear extinction or strengthened fear acquisition) could 
contribute to the increased posttraumatic symptoms seen in patients with mild traumatic 
brain injury.  
  Additionally, we were interested in whether combining models of PTSD and TBI 
would lead to synergistic effects that further impact fear-associated learning, especially 
extinction retention. At the time that these experiments were planned, no other research 
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had been published combining stress models with fear conditioning, and even now, the 
results from the two experiments using stress and TBI together have been inconsistent. 
More investigation clearly needs to be done on the combinatorial effects of stress and 
brain injury, especially in a model of PTSD with cross-validation to behavioral 
differences in human PTSD patients and with a fear-associated learning paradigm that 
has been shown to properly assess these differences. 
  Further, we hypothesized that changes in brain activation, histological measures 
of trauma and inflammation, and changes in neurogenesis, particularly in dACC, insula, 
amygdala and HC would underlie these dysfunctions in fear-associated learning. We 
assessed these alterations in rodent models of PTSD and mTBI, and in patients with a 
recent history of brain injury. Over a decade of work in our laboratory has been devoted 
to the SPS model of PTSD (Liberzon et al., 1997, Liberzon et al., 1999, Yamamoto et 
al., 2009), and in the completed studies, we combined SPS with a well-established 
model of mTBI, controlled cortical impact (CCI) (Dixon et al., 1991). In CCI, a 
craniotomy is performed to temporarily open the skull of the animal, and the brain is 
directly impacted using a pneumatic or electromagnetic impactor. We selected CCI as 
our model of brain injury because it allowed precise control over injury severity and 
consistency in injury between animals, and CCI is a well-tolerated surgery (Xiong et al., 
2013). Mortality rates and rates of neurological symptoms like seizures are higher with 
other models like LFP and weight-drop models, and we wanted to reduce these effects, 
especially when combining brain injury with a model of PTSD in a novel paradigm. In 
the planning of our experiments, we made sure to use parameters known to cause no 
permanent lesions or complete neuronal loss. High severity of injury may eliminate fear-
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associated learning deficits in animal models, which could explain negative results seen 
in previous research (Sierra-Mercado et al., 2015). There were concerns about using a 
model with a fairly localized impact over the parietal cortex, but using established 
parameters was prioritized over moving the impact point slightly more frontally. Finally, 
data from previous experiments in varying injury models showed that no model had 
consistent results, and thus the variability in the data from fear learning could not solely 
be linked to differences between models. 
In Experiment 1, which employed animal models, we investigated whether 
animals with mild brain injury produced by CCI showed changes in conditioned freezing 
behavior during fear conditioning and extinction. Based upon our hypothesis, we 
predicted that brain-injured rodents would exhibit deficits throughout the extinction 
phase and in extinction retention. In Experiment 2, we investigated the combined effects 
of CCI and SPS on fear learning and extinction, again in animals. We predicted that CCI 
exposure would increase freezing behavior during extinction and extinction recall, and 
we expected that CCI and SPS would have synergistic effects, with CCI and SPS 
inducing larger extinction recall deficits than CCI or SPS alone. Additionally, we 
characterized the injury, including measures of neuronal cell loss, inflammatory 
response and changes in hippocampal neurogenesis associated with the CCI model 
(with and without SPS). We wanted to ensure that our level of injury was appropriate for 
a model of mTBI, as well as determining whether differences in inflammatory response 
to the injury were associated with behavioral differences. We also correlated changes in 
hippocampal neurogenesis with behavioral freezing measures of fear-associated 
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learning to test whether there is a change in contextual encoding or retrieval associated 
with the numerous hippocampal deficits previously observed in animal models of mTBI. 
Next, we tested our hypotheses in human subjects with a recent history of mTBI. 
We used an in-scanner fear conditioning, extinction and extinction recall paradigm and 
included expectancy scores and skin conductance response (SCR) as behavioral 
measures of fear-associated learning. Human subjects were recruited in the emergency 
department and assessed within two weeks in order to determine whether patients with 
recent mTBI showed behavioral differences indicative of differences in fear-associated 
learning. We expected that recent head injury would lead to increased SCR during 
extinction and extinction retention. Further, fMRI was used to establish neural correlates 
of fear-associated learning deficits in the same sample of mTBI patients. The in-scanner 
fear conditioning, extinction and extinction recall tests were used to assess changes in 
BOLD signal in mTBI subjects and controls. Based upon our understanding of the fear-
associated learning neurocircuitry and regions commonly affected by mTBI, we 
expected that patients with recent mTBI would show greater activation in dACC, insula 
and amygdala versus controls during extinction and extinction recall. These findings 
would be indicative of an increased fear response during periods of fear-associated 
learning that should be associated with safety. We also expected less hippocampal 
activation during extinction recall in these patients, as previous research suggests that 
the hippocampus is involved in the retrieval of the extinction memory. We included the 
multisource interference task (MSIT), a standard, validated task that reliably activates 
the cingulofrontoparietal attention network (Bush and Shin, 2006), in order to assess 
attentional deficits in our sample and determine if differences in attention could be 
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partially responsible for any deficits in fear-associated learning we might observe, as 
well as differences in corresponding activation.  
With the knowledge gained through these experiments, we hope to inform future 
molecular biology and electrophysiology experiments in rodent models and identify 
aspects of fear learning and extinction to examine in future studies of patients with both 
mTBI and PTSD. Future experiments building upon the findings observed here should 
aid in the development of therapeutic and preventative strategies for the significant 
public health challenge of mTBI and the associated development of PTSD. 
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Table I.1: Results from studies of fear-associative learning in patients with posttraumatic 
stress disorder (PTSD). aExamined structural connectivity, bExamined sex differences. 
Abbreviations: ACC, anterior cingulate cortex; dACC, dorsal anterior cingulate cortex; 
HC, hippocampus; MFG, medial frontal gyrus; OFG, orbital frontal gyrus; PCC, posterior 
cingulate cortex; vmPFC, ventromedial prefrontal cortex. 
  
Phase of Fear 
Learning 
Reference Subjects Key brain regions 
implicated 
Acquisition Linnman et al, 2011 19 PTSD patients, 24 
trauma-exposed controls 
Amygdala, dACC, HC, 
insula 
Acquisition and 
extinction 
Sripada et al, 2013 15 PTSD patients Amygdala, HC, insula, 
OFG, superior MFG 
aAcquisition and 
extinction 
Fani et al, 2015 48 African-American 
females 
ACC, cingulum, HC 
Acquisition, 
extinction, recall 
Milad et al, 2009 16 PTSD patients, 15 
trauma-exposed controls 
Amygdala, cerebellum, 
dACC, HC, vmPFC 
Acquisition, 
extinction, recall 
Rougemont-
Bucking et al, 2011 
18 PTSD patients, 16 
trauma-exposed controls 
dACC, MFG, PCC, 
vmPFC 
bAcquisition, 
extinction, recall 
Shvil et al, 2014 31 PTSD patients, 25 
trauma-exposed controls 
dACC,  insula, vmPFC 
Acquisition, 
extinction, recall, 
renewal 
Garfinkel et al, 
2014 
14 PTSD patients, 14 
combat-exposed controls 
Amygdala, insula, 
thalamus, vmPFC 
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Figure I.1: Fear-associated learning paradigms in human neuroimaging (A) and rodents 
(B). 
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CHAPTER II 
 Impaired rates of fear extinction in a rodent model of traumatic brain injury and 
posttraumatic stress disorder 
 
Introduction 
 The psychiatric effects of trauma are wide-ranging and considerably impact 
quality of life for civilian and military populations around the world. Recently, significant 
public attention has been drawn to traumatic brain injury (TBI), both in veterans 
returning from Operation Enduring Freedom and Operation Iraqi Freedom, as well as in 
the general population. TBI is a substantial public health challenge, annually accounting 
for over 1.5 million hospital visits and a lifetime cost of over 16.5 billion dollars in the 
United States alone (Thurman, 2001, National Center for Injury Prevention and Control, 
2003). Although at least 75% of TBIs are categorized as mild traumatic brain injuries 
(mTBIs) that usually do not produce abnormalities that can be identified with 
neuroimaging, mTBI can cause lasting, debilitating neurological symptoms and has 
been associated with increased rates of numerous psychiatric disorders (National 
Center for Injury Prevention and Control, 2003, Morissette et al., 2011). These include 
depression, schizophrenia, bipolar disorder and posttraumatic stress disorder (PTSD) 
(Orlovska et al., 2014, Stein et al., 2015). The relationship between mTBI and PTSD is 
particularly interesting since both disorders result from exposure to a traumatic event, 
and may share similar etiological characteristics. Rates of PTSD are significantly higher 
in civilians and veterans with a history of mTBI, a relationship that has been well-
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established through epidemiological research, including several major longitudinal 
studies (Lagarde et al., 2014, Stein et al., 2015, Warren et al., 2015).  
Despite the clear association between mTBI and PTSD, the mechanism 
underlying this interaction is still uncertain. One possible mechanism that may link these 
two conditions is an alteration in fear-associated learning. Fear-associated learning (or 
fear conditioning, extinction, extinction retention / recall and fear renewal) has been 
used extensively in both animal studies and humans because it is an effective model of 
the acquisition and maintenance of fear responses, and altered fear learning has been 
hypothesized to play an important role in the development of PTSD and anxiety 
disorders (Greco and Liberzon, 2016). Fear-associated learning research in both animal 
models of PTSD (Knox et al., 2012a) and PTSD patients (Milad et al., 2009, Garfinkel et 
al., 2014) has particularly pinpointed impairments in extinction retention (or extinction 
recall).  
A number of fear-associated learning studies have recently been performed in 
animal models of TBI, with varying results. Some studies have found no differences in 
fear-associated learning across both fear conditioning and extinction (Klemenhagen et 
al., 2013, Sierra-Mercado et al., 2015), enhanced fear acquisition has been observed in 
others (Elder et al., 2012, Meyer et al., 2012, Reger et al., 2012), and two studies (in the 
same models) have actually observed impairments in fear acquisition (Genovese et al., 
2013, Palmer et al., 2016). However, three recent studies in weight drop, controlled 
cortical impact (CCI) and blast models of TBI found increased freezing behavior 
throughout fear extinction (Heldt et al., 2014, Davies et al., 2016, Schneider et al., 
2016). Limited studies in combined models of stress and TBI have also produced 
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inconsistent results, with one study observing increased freezing during acquisition 
testing in animals receiving unpredictable stress with CCI (Ojo et al., 2014), and another 
study observing increased freezing in animals exposed to weight drop and social defeat 
stress during three consecutive days of extinction testing (Davies et al., 2016). These 
varying results do suggest that fear-associated learning is affected by mTBI, but it is 
unclear which aspect of learning is impaired.  
The experiments described in this manuscript aimed to identify changes in fear-
associated learning following the CCI model of TBI and a model of PTSD, single 
prolonged stress (SPS), that has produced behavioral and neurobiological changes 
(Knox et al., 2012a, Knox et al., 2012b) similar to those seen in PTSD patients (Milad et 
al., 2009, Garfinkel et al., 2014). Based upon previous findings in animal models of TBI 
and PTSD, we hypothesized that animals with brain injury produced by CCI would 
demonstrate increased freezing during extinction learning and extinction retention 
testing, with animals receiving both CCI and SPS showing further enhanced freezing 
during extinction recall. Additionally, we aimed to characterize underlying 
neurophysiological and inflammatory changes in these animals. We were particularly 
interested in whether inflammatory changes and deficits in hippocampal neurogenesis 
were associated with hypothesized changes in fear-associated learning. Differences in 
hippocampal neurogenesis that are associated with differential fear-associated learning 
may suggest a potential mechanism underlying these behavioral changes, and 
measures of the inflammatory response allow us to determine whether increased injury 
severity is associated with greater fear-associated learning deficits. We expected that 
injury would lead to increased microglial activation that would be directly correlated with 
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freezing behavior during extinction retention testing, and that hippocampal 
neurogenesis following fear-associated learning would be diminished in injured rats, 
with further reductions in rats who received SPS and CCI. 
 
Methods 
Subjects 
Sixty-four adult male Sprague Dawley rats (42–45 days old; 150 g), were 
obtained from Charles River (Wilmington, MA). All rats were pair-housed and 
acclimated for a minimum of 5 days and were then individually housed after the CCI or 
sham craniotomy procedure. All rats had ad libitum access to water and standard rat 
chow. All experimental procedures were approved by the VA Ann Arbor Healthcare 
System Institutional Animal Care Usage Committee. 
Controlled Cortical Impact 
All animals were assigned to either an injury or sham procedure following 
acclimation. Rats in the injury group were anesthetized using isoflurane and remained 
unconscious throughout the CCI procedure. The animal was positioned in a stereotaxic 
frame, and a 7 mm diameter craniotomy was performed (using aseptic techniques) over 
the site of impact, midway between bregma and lambda, with the medial edge of the 
craniotomy 1 mm right of the midline (Dixon et al., 1991, Brody et al., 2007, Yu et al., 
2009). A unilateral brain injury consisting of a single impact of a 5 mm impactor tip to 
the exposed dura mater of the animal at an angle of 15° from the vertical plane was 
delivered using the Impact One Head Impactor (Leica Biosystems, Buffalo Grove, IL). 
The impact was delivered with a 1.5 mm depth, 3.0 m/s velocity and 100 ms dwell time. 
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The injury parameters were selected based upon previous studies using CCI in rats and 
mice that delivered a mild injury (Dixon et al., 1991, Brody et al., 2007). Following 
surgery, the removed segment of the skull was replaced and secured, and the scalp 
was sutured. Rats were returned to their cages, singly housed, and monitored for any 
signs of pain, distress or neurological symptoms. Rats in the sham injury groups were 
given the same anesthesia and craniotomies, but no injury was induced. No animals 
exhibited neurological symptoms following surgery. Animals in both the injury and sham 
groups recovered in their cages, singly housed, for 7 days post-injury. 
Single Prolonged Stress 
All rats in Experiment 2 were assigned to a stress or control procedure before 
fear conditioning. The SPS procedure has been described previously (Liberzon et al., 
1997, Knox et al., 2012a) and is shown in Figure II.1. Rats in the stress group were 
exposed to restraint for 2 hours, followed immediately by a 20 minute forced swim. 
Forced swimming occurred in a plastic tub (55.6-cm diameter, 45.4-cm height) filled 
two-thirds from the bottom with water (20–24°C). Fifteen minutes after the forced swim, 
rats were exposed to ether (75 mL) in a glass desiccator until full anesthesia, tested 
using the the toe or tail pinch response (approximately 5 min of ether exposure). 
Immediately after the induction of general anesthesia, rats were removed from the 
desiccator, housed singly, and left undisturbed for 7 days. Rats assigned to the control 
group were housed singly, left undisturbed, and remained in the housing colony until 
experimental procedures commenced. 
Behavioral apparatus 
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All sessions were conducted in eight identical rodent observation chambers 
constructed of aluminum and Plexiglas (30 × 24 × 21 cm; Med Associates, Fairfax, VT), 
situated in sound-attenuating boxes in an isolated room. The floor of each chamber 
consisted of 19 stainless steel rods (4 mm in diameter) spaced 1.5 cm apart (center to 
center). The grid floor was connected to a shock source and a solid-state grid scrambler 
(Med Associates) which delivered the footshock unconditioned stimulus (US). Mounted 
on one wall of the chamber was a speaker to provide a distinct auditory conditioned 
stimulus (CS); on the opposite wall was a 15-W house light and a fan, which provided 
background noise (65 dB). Cameras mounted to the ceiling of the sound-attenuating 
chambers were used to record behavior, which was scored offline automatically using 
Anymaze (Stoelting Co, Wood Dale, IL). 
Two unique contexts were created by manipulating auditory, visual, and olfactory 
cues: Context A was comprised of a 1% ammonium hydroxide solution in chambers, red 
light on, chamber doors open, and fans off; Context B was comprised of a 1% acetic 
acid solution placed in trays at the bottom of the chambers, the house light on, chamber 
doors closed, and fans on in the chambers. 
Cued fear conditioning, extinction and extinction retention testing 
On the first day of the fear conditioning paradigm, rats were transported from 
their home cages and placed in the conditioning context (Context A). During fear 
acquisition, rats received five paired presentations of a tone (10 s, 2 kHz, 80 dB) that 
co-terminated with a footshock (1.0 mA, 1 s) beginning 180 s after being placed in 
Context A (Knox et al., 2012b, (George et al., 2015). One day after conditioning, all rats 
underwent fear extinction. The animals were placed into a novel context (Context B) 
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and were presented with 30 tone presentations (10 s, 2 kHz, 80 dB, 60-s ITI), in the 
absence of footshock, beginning 180 s after being placed into the chambers in order to 
extinguish fear responding to the tone (i.e., extinction training). Two days after 
conditioning (post-injury day 9), all rats were placed into Context B and were presented 
with 10 tones beginning 180 s after being placed into the chambers in order to assess 
extinction retention. 
Experiment 1: Controlled cortical impact, cued fear conditioning, extinction and 
extinction retention testing 
On post-injury day 7, 16 rats (injury = 8; control = 8) were transported from their 
home cages in groups of eight and underwent the fear conditioning paradigm described 
above. 24 hours following the completion of extinction retention testing, all 16 animals 
were euthanized. The procedure for Experiment 1 is shown in Figure II.2A. 
Experiment 2: Controlled cortical impact, single prolonged stress, cued fear 
conditioning, extinction and extinction retention testing 
A separate group of 48 rats (control/control = 12, injury/control = 12, control/SPS 
= 12, injury/SPS = 12) received the stress or control procedure on post-injury day 7. 
One animal in the control/SPS group died during ether exposure in the SPS protocol. 
On post-injury day 15 (following the 7-day quiescent period of the stress or control 
procedure), all animals were transported from their home cages in groups of seven or 
eight and underwent the fear conditioning paradigm described above. 24 hours 
following the completion of extinction retention testing, all 47 animals were euthanized. 
The procedure for Experiment 2 is shown in Figure II.2B. 
Histological Preparation 
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Animals were anesthetized and then euthanized through incision of the chest 
cavity to create a pneumothorax, immediately followed by cardiovascular perfusion 
(Gage et al., 2012). After flushing the circulatory system with physiological saline, all 
animals were perfused with 4% paraformaldehyde (PFA). Brains were harvested from 
each animal and stored in 4% PFA overnight. Brains were then stored in 30% sucrose 
until they sank (for cryoprotection), approximately 3 days. Brains were then cryostat 
sectioned at a thickness of 50 m, from 1 mm post-bregma to 1 mm pre-lambda, over 
the area of the impact. Eight sets of sections were taken from each animal, so there 
was a distance of 400 m between sections in each histology protocol.  
Cresyl violet staining 
After mounting on Trubond 380 slides (Tru Scientific, Bellingham, WA), sections 
were dried overnight. Nissl substance in brain sections was then stained with cresyl 
violet (Shitaka et al., 2011), and double-blinded scorers assessed contusion volume and 
neuronal tissue loss in the stained sections. 
Doublecortin staining 
Changes in hippocampal neurogenesis following CCI and SPS were also 
assessed, using doublecortin (DCX) staining. Free-floating sections were washed in Tris 
buffer, quenched with hydrogen peroxide, and incubated with rabbit anti-doublecortin 
antibody overnight (Abcam, Cambridge, MA). Sections were then washed, incubated 
with anti-rabbit secondary antibody, amplified with the Vectastain avidin-biotin complex 
(ABC) kit (Vector Laboratories, Burlingame, CA), and stained with 3,3’-
diaminobenzidine (DAB). After mounting, drying and cover-slipping, pictures were taken 
in the dentate gyrus (DG) of the hippocampus in all animals at 40x magnification using 
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an Olympus CX41 optical microscope and an INFINITY 1-2 digital camera. Images were 
then auto-leveled in Adobe Photoshop, and numbers of DCX-positive hippocampal 
neurons were counted by double-blinded scorers.  
Iba1 staining 
Inflammatory microglial response following CCI and SPS was assessed using 
Iba1 (ionized calcium-binding adapter molecule-1) staining. Similar techniques were 
used as in the DCX protocol, using rabbit anti-Iba1 antibody (Wako Pure Chemical 
Industries, Ltd, Osaka, Japan). Pictures were captured at 10x magnification in ipsilateral 
hippocampus and thalamus, as well as bilateral cortex of all animals. After auto-leveling 
in Adobe Photoshop and auto-thresholding in ImageJ, the area of the frame that 
consisted of Iba1-positive microglia was automatically calculated using ImageJ. 
Data analysis and statistical analysis 
Freezing was defined as the absence of movement, except that necessary for 
breathing, for greater than 2 seconds and quantified as a percentage of the total time 
recorded (Knox et al., 2012a). Trials were organized into blocks of three during 
extinction and blocks of two during extinction recall. These values were analyzed using 
repeated-measures ANOVA, and post-hoc comparisons using t-tests, with Bonferroni 
corrections, were performed when significant overall F-ratios were obtained. 
Additionally, an extinction index was calculated during extinction recall by calculating 
the percent of time spent freezing during all CS trials and subtracting the percent of time 
spent freezing at baseline. Group differences in these values were analyzed with 
independent-samples t-tests. 
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Rats that did not show a conditioned freezing response > 30% at the start of the 
fear extinction session were excluded from final analyses. In addition, rats exhibiting 
freezing levels ±2 standard deviations from a group mean were removed from the 
analyses. Three rats (18.75%) were excluded from Experiment 1, leaving 6 rats in the 
Control group and 7 rats in the Injury group. Eleven rats (23.4%) were excluded from 
Experiment 2, leaving 7 rats in the Control/Control group, 10 rats in the Control/SPS 
group, 10 rats in the Injury/Control group and 9 rats in the Injury/SPS group. The 
number of animals excluded due to absent freezing response is in line with previous 
studies of fear-associated learning in rats. 
Histological data was analyzed using independent samples t-tests and two-way 
ANOVA. Correlations were also calculated between histologic measures and freezing 
behavior using bivariate regression. The criterion for significance was set at p < 0.05. All 
data are represented as means ± SEM. 
 
Results 
Freezing Behavior 
Experiment 1 
 Graphs of freezing behavior from experiment 1 are displayed in Figure II.3. There 
was a main effect of trial on freezing during fear acquisition across both groups 
(F(2.067, 22.739)=37.408, p<.001). We did not observe a significant difference between 
groups in freezing behavior during fear acquisition. 
There was a main effect of block on freezing during fear extinction across both 
groups (F(10,110)=6.575, p<.001). There was also a significant interaction between 
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block and injury during fear extinction (F(10,110)=2.302, p<0.05). After adjusting for 
multiple comparisons, post hoc tests showed no significant effects for individual blocks. 
There was a main effect of block on freezing during extinction retention testing 
(F(5,55)=3.767, p<.01). There was no significant difference between groups in freezing 
behavior during fear extinction recall.  
Experiment 2 
Freezing behavior from experiment 1 is displayed in Figure II.4. We observed a 
main effect of trial on freezing during fear acquisition across all groups 
(F(3.654,116.937)=100.203, p<.001). There was no significant difference of injury or 
SPS in freezing behavior during fear acquisition. 
There was a main effect of trial on freezing during fear extinction across all 
groups (F(3.660, 117.134)=14.851, p<.001), and there was no main effect of injury or 
SPS on freezing behavior during fear extinction. There was a significant interaction 
between block and injury during fear extinction (F(3.660, 117.134) = 2.719, p<0.05). 
After correcting for multiple comparisons, post hoc tests found that there was 
significantly greater time spent freezing in injured versus control animals during block 8 
(50.12% ± 13.85 vs 32.98% ± 12.54, F(1,35)=15.018, p<0.001). 
There was also a main effect of block on freezing during extinction retention 
across all groups (F(5,160)=11.67, p<.001), but there was no main effect of injury or 
SPS. A trending interaction was observed in freezing behavior between block, injury 
and SPS (F(5,160)=2.210, p=.056). Additionally, there was a significant interaction 
between time and injury in freezing behavior when comparing the first and second 
halves of extinction retention testing (F(1,34)=9.639, p<.05). 
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Cresyl Violet Staining 
Nissl staining revealed no evidence of neuronal cell loss or contusions at 10 days 
or 18 days following brain injury. Representative images from each experimental group 
are shown in Figure II.5. 
Immunohistochemistry 
Iba1 expression 
At ten days post-CCI surgery, there was a significantly greater area of Iba1 
positive cells in injured animals vs control animals in ipsilateral thalamus (21.67  1.01 
vs 15.19  1.70, t=3.138, p<.01) and ipsilateral cortex (25.94  0.87 vs 19.87  2.06, 
t=2.560, p<.05), but there was no significant difference in ipsilateral hippocampus or 
contralateral cortex. Additionally, there was a trending relationship in the CCI group 
between area of Iba1 positive cells in ipsilateral thalamus and extinction index 
(r(4)=.810, p=.0508). These data, as well as representative images from ipsilateral 
cortex in control and injured animals are shown in Figure II.6. There were no other 
significant or trend-level relationships between freezing behavior and Iba1 positive cells. 
No differences were seen between groups in the area of Iba1 positive cells at 18 days 
post-injury.  
DCX expression 
At 10 days post-CCI surgery, there were no significant differences between injury 
and control groups in the number of DCX-positive neural progenitors in ipsilateral or 
contralateral HC. There were also no significant differences between injury and control 
groups in the ratio between the number of DCX-positive neural progenitors in ipsilateral 
versus contralateral HC. 
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At 18 days post-CCI surgery, there were no significant effects of injury or SPS on 
the number of DCX-positive neural progenitors in ipsilateral or contralateral HC. There 
was also no significant interaction between injury and SPS on the number of DCX-
positive cells. There were also no significant differences between injury and control 
groups in the ratio between DCX-positive cells in ipsilateral HC versus contralateral HC. 
There was, however, a trend-level effect of SPS on the number of DCX-positive cells in 
ipsilateral HC versus contralateral HC (t(26)=1.877, p=.0717). 
There were no significant correlations between freezing behavior and the number 
of DCX-positive cells in either experiment. 
 
Discussion 
Findings in both experiments demonstrate an effect of CCI injury on fear 
extinction. Particularly, we observed a significant interaction between block and injury in 
freezing behavior in both Experiment 1 and Experiment 2 that signifies an impaired rate 
of fear extinction. Fear extinction deficits have been reported in several models of TBI, 
including blast, weight drop and CCI (Heldt et al., 2014, Davies et al., 2016, Schneider 
et al., 2016). Negative results in other studies may be explained by examining 
differences in injury and conditioning protocols. Meyer, et al (2012) did not report 
differential extinction effects following weight-drop injury, but their extinction procedures 
occurred in the same context as conditioning. Retaining the same visual, olfactory and 
auditory contextual inputs significantly impacts extinction processing, as there is far 
more overlap between the contextual information that is encoded in the safety trace and 
the contextual information that was previously encoded in the fear trace during 
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acquisition. Another experiment that did not find differences in freezing during extinction 
used a level of injury that caused a significant lesion in the ipsilateral cortex and 
hippocampus (Sierra-Mercado et al., 2015). Therefore, it is difficult to compare the 
results of these two studies, as the injury that was induced in our study had quite 
different characteristics. 
In addition to differences in levels of injury, it has been suggested that injury 
mechanism may explain some of the variability in these findings. However, conflicting 
outcomes in fear-associated learning have been reported within all three of the same 
models of injury (lateral fluid percussion, CCI, weight drop, blast), suggesting that 
differences in injury might not account for all the variability. There is tremendous value 
in using different models of injury in animals, as mTBI in humans is an extremely 
heterogeneous disorder, with widely varying injury mechanisms, severities of impact 
and clinical presentations (Rosenbaum and Lipton, 2012). Nonetheless, cross-validation 
of behavioral results and neurobiological differences with findings in mTBI patients is 
tremendously important to determine which of the varying results seen in animal TBI 
models are carried over into humans. 
 In contrast to our expectation, the deficits observed during the extinction phase 
did not manifest during extinction retention testing, as the injured rats did not show any 
differences in freezing that were indicative of an impairment in extinction retention. The 
significant difference in freezing behavior found during extinction retention testing was 
an interaction in freezing between time (first and second halves) and injury. This is not 
indicative of an extinction retention deficit, but rather an impairment in extinction itself, 
as the later period of extinction retention testing essentially consists of another round of 
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extinction learning. However, the trending interaction between block, SPS and injury in 
freezing during extinction recall suggests a combined, deleterious effect of SPS and 
injury on extinction retention. Davies et al. (2016) found increased freezing behavior 
during the second and third days of three consecutive extinction learning in animals that 
exposed to social defeat and weight drop injury. We did not observe such a strong 
effect, and this could be due to lower power that prevented us from observing the effect, 
differences in timing or other aspects of the injury protocol. 
The freezing behavior observed during fear conditioning in both experiments 
suggests that there is no difference in the process of fear acquisition in injured animals. 
In both experiments, animals learned to associate US with CS, a necessary process in 
order to test differences in extinction learning. There was no significant difference in 
freezing behavior at the beginning of fear extinction in either experiment. These findings 
are in line with previous research suggesting that fear acquisition remains intact in 
animals that have received brain injury (Klemenhagen et al., 2013, Sierra-Mercado et 
al., 2015). However, similarly to a number of previous studies (Klemenhagen et al., 
2013, Heldt et al., 2014, Sierra-Mercado et al., 2015, Davies et al., 2016, Schneider et 
al., 2016), we did not find any evidence of enhanced fear acquisition, something that 
has been reported previously in the literature (Elder et al., 2012, Meyer et al., 2012, 
Reger et al., 2012). These studies used acquisition testing to test levels of fear 
conditioning, and collapsed freezing behavior in response to context or cues across a 
period of three to eight minutes. Extinction learning may occur within this time period, 
and plotting freezing behavior in trials or blocks allows for more specific interpretation of 
results. 
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The level of injury that was used in our experiments was specifically set to 
provide mild impact that did not cause significant lesions or neuronal death. Nissl 
staining at both 10 and 18 days post-injury showed that there was no noticeable 
neuronal cell loss or contusion following CCI. We anticipated this from previous 
experiments, and this models well what is seen in human mTBI, which usually cannot 
be detected with conventional computed tomography (CT) and magnetic resonance 
imaging (MRI) methods (Shenton et al., 2012). However, findings in 
immunohistochemistry experiments confirmed that there was an increased inflammatory 
response in ipsilateral cortex and thalamus at 10 days post-injury, which was similar to 
differences seen in other animal models of TBI (Shitaka et al., 2011, Hylin et al., 2013, 
Mannix et al., 2016). 
The trend-level interaction between Iba1 expression in ipsilateral thalamus and 
freezing during extinction recall within injured rats is intriguing, as epidemiological data 
suggests that increased severity of injury (while still categorized at mild or moderate 
TBI) is associated with increased prevalence of PTSD (Stein et al., 2015). Measures of 
activated microglia in thalamus were mainly included because previous research 
showed that significant differences in Iba1 expression were observed in thalamus for 
CCI-injured animals versus controls for at least 28 days post-injury (Shitaka et al., 
2011). However, as this was the only region where inflammation was directly related to 
increased freezing behavior, we may consider it as a region of interest in future studies. 
Thalamus is involved in the fear response circuitry, but its role is typically defined as an 
intermediate node between sensory cortex and amygdala (Maren and Quirk, 2004). 
More research investigating changes within thalamus after TBI are necessary in order to 
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determine whether the relationship observed in this study was simply coincidental 
(thalamus as a marker of brain-wide inflammation post-CCI) or direct. 
DCX immunohistochemistry did not demonstrate any effects of CCI injury on 
hippocampal neurogenesis at 10 or 18 days post-injury. This is similar to other findings 
in rodent models of TBI. Studies have demonstrated no differences in hippocampal 
neurogenesis at 7 and 10 days (Yu et al., 2008, Carlson et al., 2014), two weeks (Wang 
et al., 2016) and eight weeks after mild CCI injury (Acosta et al., 2013). It is possible 
that changes in HC do not underlie the alterations in fear extinction that we observed, 
but it is also likely that the timing of our experiments might not have captured injury-
induced alterations in hippocampal neurogenesis that may have occurred. Other 
experiments have shown reduced numbers of neural progenitors in ipsilateral HC at 3 
days post-injury (Yu et al., 2008, Carlson et al., 2014). The trend-level effect of SPS on 
ipsilateral HC versus contralateral HC suggests that SPS affects the recovery process 
following injury (as well as the craniotomy). Animals exposed to unavoidable shock 
have been shown to have decreased hippocampal neurogenesis at 30 days after this 
stress procedure (Kim and Seo, 2013). Further experiments investigating the effect of 
SPS on hippocampal neurogenesis are necessary, and the timecourse of these effects 
particularly needs to be investigated. 
There were several limitations that require consideration. 18.75% of the animals 
in Experiment 1 and 23.4% of the animals in Experiment 2 were excluded because they 
failed to acquire the fear response. While there was no significant difference between 
groups in the numbers of animals excluded from analyses, we might have too low 
power to detect some of the hypothesized changes. Additional animals in future 
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experiments may provide the power necessary to find significant effects where we 
observed trend-level associations. Also, condensing the time period between different 
aspects of the protocol may strengthen behavioral effects and cause neurobiological 
changes in areas more commonly associated with damage in mTBI patients. For 
instance, the CCI procedure was very well-tolerated in animals, and the seven-day 
recovery period is probably longer than necessary. Starting the SPS procedure more 
promptly after CCI may potentiate combinatorial effects during extinction retention 
testing; however, there is a concern that stress from both the CCI and sham injury 
procedures may wash out the effect of stress in SPS. Using an impact to the skull 
without a craniotomy may reduce stress to the animal during the injury procedure and 
uncover SPS effects that we did not observe in these experiments. Additionally, impact 
to a more frontal region of the brain may be more representative of human mTBI, as 
neuroimaging suggests that frontal regions are most commonly affected in mTBI 
patients (Eierud et al., 2014, Mayer et al., 2015). 
Together, the differences observed in freezing behavior suggest that alterations 
in extinction learning occur following brain injury in rats. Although we did not observe 
problems in extinction retention (characteristic of PTSD) following this slower or 
deficient extinction learning, it is possible that changes in the fear-associated learning 
paradigm, increased injury severity, or closer temporal proximity between the induction 
of injury and fear conditioning may uncover problems in extinction recall. We did find 
some evidence of a combinatory effect of single prolonged stress and injury, and the 
effect of stress may impair contextual processing and retrieval of an improperly-coded 
safety memory, potentiating the effect of the extinction deficit. As extinction deficits have 
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now been observed in models of both mTBI and PTSD, this aspect of fear learning may 
represent a shared process affected in both disorders. More research must be 
performed in order to understand the mechanism underlying these problems in fear 
extinction. The combined CCI / SPS protocol was well-tolerated and represents a model 
that can be used to investigate neurobiological differences in rodents that may translate 
to a better understanding of how changes in the brain following stress and TBI correlate 
with symptomatology. Additionally, the model may be useful in examining the effects of 
potential treatments. However, the most important concern in the area of fear-
associated learning and mTBI is collecting data from human subjects that validates 
findings in animal models. 
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Figure II.1: Single prolonged stress (SPS) paradigm. Animals are first exposed to (A) 
two hours of prolonged physical restraint, followed immediately by (B) twenty minutes 
forced swim. After a 15-minute recuperation period, animals are (C) exposed to ether 
until induction of general anesthesia and then (D) returned to their cages and left 
undisturbed for a 7-day quiescent period. Control animals remain in their cages for the 
entirety of the SPS protocol. 
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Figure II.2: Graphical representation of protocols. (A) Experiment 1 and (B) Experiment 
2. 
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Figure II.3: Differences in freezing behavior during Experiment 1. (A) There were no 
differences between groups in freezing behavior during fear acquisition. (B) There was 
a significant interaction between group and block in freezing behavior during fear 
extinction indicative of impaired extinction learning in the CCI-injured animals. (C) There 
were no differences between groups in freezing behavior during extinction recall. 
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Figure II.4: Differences in freezing behavior during Experiment 2. (A) There were no 
differences between groups in freezing behavior during fear acquisition. (B) There was 
a significant interaction between group and block in freezing behavior during fear 
extinction indicative of impaired extinction learning in the CCI-injured animals. (C) There 
was a trending interaction between block, injury and SPS in freezing during extinction 
recall, suggesting that the combination of injury and SPS may lead to increased fear 
response through the extinction recall phase. (D) There was a significant interaction 
between time and group in freezing during extinction recall. * = p<.05 
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Figure II.5: Cresyl violet histology. Cresyl violet stains from (A) Experiment 1 and (B) 
Experiment 2 show no evidence of contusion or neuronal cell loss in injured animals.  
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Figure II.6: Iba1 expression in (A) ipsilateral hippocampus, (B) ipsilateral thalamus and 
(C) ipsilateral cortex at ten days post-CCI surgery. Representative images from 
ipsilateral cortex in (D) control and (E) injured animals are also shown. (F) Trend-level 
correlation between Iba1 expression and extinction index (from extinction recall) within 
the injury group, suggesting increased inflammatory response is associated with greater 
fear response during extinction recall. * = p<.05  
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Figure II.7: Doublecortin (DCX) expression. Count of DCX-positive cells in dentate gyrus 
of (A) ipsilateral hippocampus (HC) and (B) contralateral HC. Ratio of the number of 
DCX-positive cells in ipsilateral HC versus contralateral HC split by group (C) and by 
SPS versus control groups (D). There was a trend-level effect of SPS on the number of 
DCX-positive cells in ipsilateral HC versus contralateral HC, suggesting SPS may affect 
neurogenesis in the recovery period following CCI and sham surgery. Representative 
contralateral (left) and ipsilateral (right) HC sections are shown from (E) injury/SPS 
group versus (F) injury/control group.  
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CHAPTER III 
Neural correlates of altered fear extinction in patients with recent mild traumatic 
brain injury 
 
Introduction 
Mild traumatic brain injury (mTBI) is a common consequence of injury that often 
leads to significant, debilitating symptoms, including headache, fatigue, visual changes 
and problems with mood, cognition and attention (Corrigan, 2010). It is estimated that 
1.5 million Americans seek treatment for TBI every year, 75% of which are classified as 
mild TBI (National Center for Injury Prevention and Control, 2003) that cost $16.5 billion 
annually in the USA (Thurman, 2001). Most mTBI symptoms fully resolve within two 
weeks, but approximately 6-15% of mTBI patients continue to have symptoms for over a 
year, or even permanently (Morissette et al., 2011). Additionally, mTBI is associated 
with psychiatric disorders such as major depressive disorder (MDD), bipolar disorder 
(BD), schizophrenia and posttraumatic stress disorder (PTSD) (Lagarde et al., 2014, 
Orlovska et al., 2014, Stein et al., 2015, Warren et al., 2015). The relationship between 
mTBI and PTSD is particularly interesting, as both disorders directly result from a 
traumatic experience. 
The relationship between mTBI and PTSD has been well-established 
epidemiologically, but the exact character of this connection is still unclear. One 
potential explanation is that mTBI leads to deficits in fear-associated learning that 
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predispose these patients to PTSD development. Fear-associated learning has been 
used extensively in both animals and humans because altered fear learning has been 
hypothesized to play an important role in the development of PTSD and anxiety 
disorders, and experimentally it is a convenient, albeit simplistic, model of the 
acquisition and maintenance of fear responses, (Greco and Liberzon, 2016). By 
definition, patients with PTSD have improper fearful responses (hyperarousal) to cues 
and contexts that are actually safe (American Psychiatric Association, 2013). These 
real-world behaviors have been modeled using fear conditioning tasks, and dysfunction 
in fear-associated learning has been replicated in both animal models of PTSD and 
PTSD patients (Milad et al., 2009, Knox et al., 2012, Garfinkel et al., 2014), especially in 
the retention of extinction learning (or extinction recall). These impairments in extinction 
recall have also been associated with differences in brain activation, with hypoactivation 
commonly reported in regions such as hippocampus (HC) and ventromedial prefrontal 
cortex (vmPFC) that are involved in the retention of safety learning and hyperactivation 
in amygdala and dorsal anterior cingulate cortex (dACC), regions involved in the 
generation of the fear response (Milad et al., 2009, Rougemont-Bucking et al., 2011, 
Garfinkel et al., 2014).  
Although fear-associated learning has not been examined in patients with mTBI 
so far, studies using animal models of TBI have demonstrated a variety of results in 
fear-associated learning, with some studies reporting enhanced fear acquisition (Elder 
et al., 2012, Meyer et al., 2012, Reger et al., 2012), others reporting impaired fear 
acquisition (Genovese et al., 2013, Palmer et al., 2016, Schneider et al., 2016), and 
others reporting no changes in fear-associated learning (Klemenhagen et al., 2013, 
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Sierra-Mercado et al., 2015). Additionally, several studies that examined fear extinction 
in rodent models of TBI have demonstrated increases in freezing behavior throughout 
extinction learning (Heldt et al., 2014, Davies et al., 2016, Schneider et al., 2016). A 
recent meta-analysis of fMRI studies in human patients with mTBI found that dACC and 
insula, another region intricately involved in the fear response, were commonly 
differentially activated in subjects with a history mTBI versus controls (Eierud et al., 
2014) in paradigms assessing attention and resting-state activity, suggesting the 
presense of potential abnormalities in these regions. Additionally, reduced volumes of 
HC and amygdala have been observed following mTBI in humans (Depue et al., 2014, 
Zagorchev et al., 2016). 
Based upon findings in animal models, previous neuroimaging findings in 
subjects with mTBI and our understanding of fear-associated learning deficits in PTSD, 
we hypothesized that mTBI leads to deficits in fear extinction and extinction recall, with 
underlying changes in brain activation in regions such as amygdala, HC, insula and 
dACC. In order to test this hypothesis, we used a validated in-scanner fear conditioning, 
extinction and extinction recall paradigm (Milad et al., 2009, Garfinkel et al., 2014) in 
human subjects who had recently sustained an mTBI.  
 
Methods 
Participants 
Study participants were 41 volunteers aged 18-53 years (mean = 25.5, SD = 7.4) 
recruited from the Emergency Department (ED) at University Hospital in Ann Arbor, MI 
(University of Michigan Healthcare System). Inclusion and exclusion criteria were 
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adopted as specified in previous studies (Lewis et al., 2014, Wang et al., 2016). 
Inclusion criteria for the mTBI group were  self-reported head injury, Glasgow Coma 
Scale (GCS) score of 13 or greater upon ED arrival, and at least one of the following: 
loss of consciousness (LOC) for 30 minutes or less due to the trauma, posttraumatic 
amnesia (PTA) or two or more post-concussive symptoms (PCS). Inclusion criteria for 
the control group were self-reported trauma (i.e. motor vehicle accident, fall, sports 
injury), GCS score of 15 upon ED arrival, no loss of consciousness, no posttraumatic 
amnesia and no more than one PCS. Exclusion criteria for both groups were GCS score 
of less than 13, LOC of more than 30 minutes, Quebec Classification of Whiplash-
Associated Disorders Class III or IV (spinal fracture or dislocation, or neurologic signs 
including decreased/absent deep tendon reflexes or weakness), skull fracture, 
intracranial injury, long bone fracture, laceration with significant hemorrhage, clinically 
unstable patients, α-adrenoceptor or β-adrenoceptor antagonist, chronic opioid, or 
norepinephrine reuptake inhibitor usage, patients transferred from another hospital, 
patients admitted to the hospital, patients who presented more than 24 hours after 
injury, non–English speaking patients, pregnant patients, and those not competent to 
give consent. The study was approved by the Institutional Review Boards of the 
University of Michigan Medical School and the VA Ann Arbor Healthcare System. 
Participants were given full details of the study and provided written informed consent.  
All participants underwent two scanning sessions on consecutive days within 14 
days of recruitment in the emergency room (mean = 6.4  3.1 days). On the day of the 
first scanning session, all participants completed self-report measures about their recent 
trauma (Post-Accident Pain Symptoms Questionnaire and Time and Certainty of 
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Recovery Questionnaire), as well as a questionnaire about previous head injuries, the 
State-Trait Anxiety Inventory (STAI) Y-1 and Y-2, PTSD Checklist - Stressor Specific 
Version (PCL-S), Acute Stress Disorder Scale (ASDS) and Major Depressive Inventory 
(MDI). 
Fear Conditioning Paradigm 
During both sessions, a fear conditioning task adapted from Milad, et al (2007), 
Rabinak, et al (2013) and Garfinkel, et al (2014) was performed. The paradigm is 
displayed graphically in Figure III.1. E-Prime was used to present stimuli and record 
responses (Psychology Software Tools, Pittsburgh, PA). Participants viewed stimuli 
through MR-compatible goggles (NordicNeuroLab, Bergen, Norway) and audio stimuli 
were presented through MR-compatible earbuds (Sensimetrics, Malden, MA). Subjects 
responded to those stimuli using an MRI-compatible button box. 
On the first scanning day, each participant underwent the habituation, acquisition 
and extinction phases of the conditioning paradigm. During each trial of every phase of 
the fear conditioning paradigm, subjects were presented with a context (a picture of an 
office or conference room) for a period of between 2.5 and 7.5 seconds, followed by one 
of three conditioned stimuli (CS, a pink, yellow or blue light) for four seconds. During 
habituation, each CS was presented twice in each context. During fear acquisition, two 
conditioned stimuli (CS+E and CS+U) were followed by an unconditional stimulus (US), 
a burst of white noise, at a 60% reinforcement schedule. The third stimulus (CS-) was 
not associated with the white noise. Each CS was presented 10 times during each run, 
and there were two runs of fear acquisition. Rest periods between trials were jittered 
between 4 and 9 seconds.  
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During the extinction phase, subjects viewed the CS+E and CS- again in a new 
context, but no white noise bursts were delivered. Each CS in the extinction phase was 
presented 10 times per run, with two runs per subject. 
On the second scanning day, subjects underwent the extinction recall phase in 
the scanner, where they were presented with the same context from extinction and all 3 
stimuli (CS+U, CS+E and CS-) without white noise. During the extinction recall phase, 
there were 10 instances of each CS trial per run, and there were two runs of extinction 
recall per subject. Subjects were pseudorandomly assigned to one of two 
randomizations of the colors corresponding to each CS and the context assigned to 
acquisition or extinction and extinction recall. 
Expectancy scores were collected during all phases of fear conditioning. After 
each CS presentation, subjects responded to the prompt, “Do you expect to hear the 
white noise?” by pressing the corresponding response button with their right hand. 
Button 1 (thumb) was “Definitely No”, button 2 (index finger) was “Probably No”, button 
3 (middle finger) was “Maybe”, button 4 (ring finger) was “Probably Yes” and button 5 
(pinky finger) was “Definitely Yes”. Subject responses were recorded for the first two 
seconds of the presentation of the CS. Expectancy scores were compiled for each 
subject over all phases, and differences between CS types were calculated using 
paired-samples t-tests. 
Multisource Interference Task (MSIT) Paradigm 
Subjects also performed the MSIT, which was adapted from Bush and Shin, 
2006. Subjects were presented with a set of three numbers and instructed to respond 
with the identity of the number that is different than the other two numbers. In control 
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trials, the distractor numbers were both zeroes and the target number was in the same 
position as the response. In interference trials, the distractor numbers are valid 
responses, and the target number is in a different position from the response. The task 
is shown graphically in Figure III.2. Each subject performed three runs of the MSIT. 
Each run consisted of six alternating blocks of 16 interference or control trials, and each 
trial lasted 1850 milliseconds. Every block was preceded by a 12-second fixation period, 
and the final block of each run was followed by a 60-second fixation period. 
Skin Conductance Response 
Skin conductance response (SCR) was collected during the acquisition, 
extinction and extinction recall phases of the fear conditioning paradigm. SCR was 
recorded using the BIOPAC MP150 Data Acquisition System (BIOPAC Systems Inc., 
Goleta, CA) connected to a computer running AcqKnowledge software. 
SCR data was pre-processed using AcqKnowledge 4.2 (BIOPAC Systems Inc., 
Goleta, CA). Data was first low-pass filtered at 25 Hz, then smoothed. After these pre-
processing steps, the time of presentation of each CS was marked using 
AcqKnowledge. SCR for each individual trial was then scored manually by taking the 
difference between the maximum and minimum value during a ten second period from 
two seconds preceding CS presentation to eight seconds following the CS. If the 
maximum value preceded the minimum value temporally, the response for that trial was 
marked as zero. Additionally, any SCR difference below 0.01 mho was marked as zero. 
Subjects that had zero response throughout the run were excluded from SCR analysis 
on a run-by-run basis. Scorers were blinded to subject group, as well as CS trial type. 
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Comparisons in SCR to different CS trial types were calculated with paired sample t-
tests. Group comparisons in SCR were calculated with repeated measure ANOVA. 
Additionally, individual SCR differences were correlated with BOLD signal 
differences during fear conditioning. During acquisition, the difference in response 
between CS+ trials (without US) and CS- trials was calculated for each subject. During 
each run of extinction, the difference in SCR between CS+E and CS- trials was 
calculated for each subject. Finally, during each run of extinction recall, the difference in 
SCR between CS+U and CS+E trials was calculated. These differences were then 
normalized by dividing by the average SCR to all trials for each subject. Bivariate 
regression analyses between these SCR values and extracted beta values from ROIs in 
main effects contrasts were then performed to assess the relationship between SCR 
and BOLD signal differences. 
Magnetic Resonance Imaging 
Image Acquisition 
MRI scanning occurred on a Philips 3.0 Tesla Achieva X-series MRI (Philips 
Medical Systems) at the VA Ann Arbor Healthcare System. After a T1 image (T1-
overlay) was obtained, a T2*-weighted, echoplanar acquisition sequence [GRE; 
repetition time, 2000 ms; echo time, 25 ms; flip angle, 90°; field of view (FOV), 22 cm; 
42 slices; thickness/skip, 3.0/0 mm matrix size equivalent to 64 × 64] was collected for 
each run of the fear conditioning protocol and the MSIT protocol. After the acquisition 
phase of the fear conditioning protocol was completed, a high-resolution T1 scan was 
obtained for anatomic normalization [FOV, 26 cm; thickness/skip, 1.0/0 mm].  
Preprocessing 
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A standard series of processing steps was performed using statistical parametric 
mapping (SPM8, Wellcome Trust Center for Neuroimaging, London, UK). Scans were 
motion-corrected, slice-time corrected, realigned to the first scan in the experiment to 
correct for head motion, co-registered with the high-resolution sagittal images, 
anatomically normalized to the Montreal Neurological Institute (MNI) 152 template brain, 
resampled to 3×3×3 mm3 voxels, and smoothed with a 5×5×5 mm3 kernel. Motion 
parameters (mean displacement, mean angle) were compared across groups via 
independent-samples t-tests, and runs with any movement greater than 3 mm were 
excluded. 
ROI Analysis 
Small volume correction was applied using familywise error (FWE) correction 
within anatomical masks from the WFU Pick Atlas (ANSIR Laboratory, Winston-Salem, 
NC) tool in SPM8. Left and right hippocampus, left and right amygdala and left and right 
insula masks were created from the Automated Anatomical Labeling (AAL) images in 
the WFU Pick Atlas. The dACC mask was defined using previously described 
parameters (Cascio et al., 2015): WFU Pick Atlas was used to combine Brodmann 
areas 24 and 32 and the AAL anterior and middle cingulate images. Brodmann areas 8 
and 9 were then subtracted from the image, and the resulting image was bounded to -
16 < x < 16, 0 < y < 33 and 6 < z < 52. 
 
Results 
Participants 
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21 participants met inclusion criteria for the mTBI group, and 20 participants met 
the inclusion criteria for the control group. Sample demographics and characteristics are 
presented in Table III.1. The two groups did not differ by age, race or gender. There 
was no difference in the days between injury and the scan, or the type of injury suffered. 
The control group more commonly reported pain at the time of the scan (70% vs 38.1% 
of subjects, t(39)=2.108, p<.05), but there were no significant differences in pain 
intensity, estimated time of emotional or physical recovery, and certainty of recovery 
between the groups. There was also no significant difference between groups in the 
self-reported incidence of previous head injuries. Additionally, there were no differences 
between groups in scores on the ASDS, STAI, PCL-S and MDI. However, 19.0% of 
subjects in the mTBI scored above 35 on the PCL-S (a common cut-off for PTSD 
screening) versus 0% of subjects in the control group (t(20)=2.828, p<.05). Additionally, 
incidence of LOC was associated with increased ASDS scores (43.7 ± 16.5 vs 33.2 ± 
10.7; t(39)=2.045, p<.05), and the number of PCS was positively correlated with scores 
on the ASDS (r=0.334, N=41, p<.05), STAI Y-1 (r=0.337, N=41, p<.05), PCL-S (r=0.375, 
N=41, p<.05) and MDI (r=0.321, N=41, p<.05). Only the correlation between PCS and 
STAI Y-1 was significant within the mTBI group (r=.441, N=21, p<.05).  
Fear Acquisition 
Expectancy Scores: Significant differences in expectancy scores were observed 
between CS trial types in all phases of fear conditioning and displayed in Figure III.3. 
One subject’s data was removed from the analysis due to invalid responses. During fear 
acquisition, subjects had higher expectancy to the CS+ stimuli versus CS- stimuli during 
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both runs of fear acquisition (CS+: 1.86 ± 0.54, CS-: 3.46 ± 0.43, t(38)=12.179, p<.001). 
There were no significant effects of group in the expectancy scores. 
SCR. SCR data from the all phases of the fear conditioning paradigm are shown 
in Figure III.4. During the second run of fear acquisition, subjects had significantly 
greater SCR to the CS+ stimuli (excluding trials with US) versus CS- stimuli (0.965 
±1.213 vs 0.697 ± 0.753, t(27)=2.132, p<.05). 13 subjects did not have valid SCR during 
the acquisition phase and were excluded from this analysis. 
BOLD fMRI. No group differences in BOLD signal were found during the fear 
acquisition phase of the fear conditioning paradigm. 
Fear Extinction 
Expectancy Scores. During the extinction phase, subjects had higher expectancy 
to the CS+E stimuli versus CS- stimuli in the first four trials of fear extinction (CS+E: 
2.47 ± 0.98, CS-: 1.73 ± 0.76, t(38)=4.693, p<.0001). Additionally, subjects had lower 
expectancy to the CS+E in the last 4 trials of extinction versus the first 4 trials of 
extinction (CS+E First Four Trials: 2.47 ± 0.98, CS+E Last Four Trials: 1.061 ± 0.26, 
t(37)=8.849, p<.0001). There was no significant difference between expectancy to the 
last four CS+E trials vs the last four CS- trials. There were also no significant effects of 
group in the expectancy scores during extinction. 
SCR. Subjects had higher SCR to the CS+E stimuli versus CS- stimuli during the 
first four trials of fear extinction (1.57 mho ± 2.32 vs 0.59 mho ±0.60, t(18)=2.282, 
p<.05). In the last 4 trials of extinction, subjects showed no difference between SCR to 
the CS+E versus CS. Additionally, subjects in the mTBI group showed a significant 
increase in SCR to CS+E as compared to controls, between the first and second half of 
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the first run of extinction (0.66 mho ± 0.99 vs -0.20 mho ± 0.46, F(1,22)=6.891, p<.05). 
22 subjects did not have valid SCR during the extinction phase and were excluded from 
this analysis. 
BOLD fMRI. No group differences in BOLD signal were found during the first run 
of fear extinction. However, during the second run of fear extinction (late extinction), 
fMRI data indicated that subjects in the mTBI group had significantly greater activation 
to the CS+E versus CS- in the dACC, L insula and R insula compared to controls. 
Location and effect sizes of significant activations are listed in Table III.2, and shown in 
Figure III.5. Additionally, we extracted beta values for individual trial types from each of 
these regions, and these values are displayed in Figure III.6. In the mTBI group, 
activation of dACC and bilateral insula in response to the CS+E increases from early 
extinction to late extinction, while it decreases in the control group. In the whole brain 
search, no significant group differences were found in other regions after familywise 
error correction. 
In late extinction, normalized individual SCR differences from the main effect 
contrast (CS+E vs CS-) and beta values from the same contrast were significantly 
correlated in dACC (r(23)=.4269, p<.05). It should be noted that this correlation was 
also significant when SCR non-responders were included in the analysis with a 
response coded as zero (r(34)=.3757, p<.05). This relationship is shown in Figure III.7. 
Extinction Recall 
Expectancy Scores. Subjects had higher expectancy to the CS+U stimuli versus 
CS- stimuli during the first run of extinction recall (CS+U: 1.81 ± 0.69, CS-: 1.24 ± 0.54, 
t(37)=6.062, p<.0001). Higher expectancy scores were also seen to CS+E stimuli 
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versus CS- stimuli (CS+E: 1.62 ± 0.62, CS-: 1.24 ± 0.54, t(37)=3.448, p<.01), and 
CS+U stimuli versus CS+E stimuli (CS+U: 1.81 ± 0.69, CS+E: 1.62 ± 0.62, t(37)=2.062, 
p<.05). There were no significant differences in expectancy to the different CS types 
during the second run of extinction recall, and no group differences in the expectancy 
scores during extinction recall. 
SCR. Subjects had greater SCR to the CS+U stimuli versus CS- stimuli during 
the first five trials of extinction recall (1.10 mho ± 1.43 vs 0.72 mho ± 0.93, t(23)=2.176, 
p<.05) confirming retention of fear conditioning to CS+U. Similarly, the difference in 
SCR between CS+U and CS+E trials also approached significance (1.10 mho ± 1.43 vs 
0.70 mho ± 0.87, t(23)=1.876, p=0.074). There was no difference in SCR between CS- 
and CS+E trials. 17 subjects did not have valid SCR during the extinction recall phase 
and were excluded from analysis. 
BOLD fMRI. No group differences in BOLD signal were found during the first run 
of fear extinction recall. In the second run of fear extinction recall (late extinction recall), 
fMRI data indicated that, compared to controls, subjects in the mTBI group had 
significantly greater activation to the CS+U versus CS- in bilateral dACC. Additionally, 
there was significantly greater activation in the mTBI group versus controls to CS+U 
versus CS+E in bilateral amygdala. Location and effect sizes of significant activations 
are listed in Table III.2, and shown in Figure III.8. Extracted beta values for individual 
trial types from these regions are displayed in Figure III.9. Compared to controls, 
activation of dACC and bilateral amygdala in mTBI subjects in response to the CS+U 
increases from early extinction recall to late extinction recall. Whole brain analysis 
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during both runs of extinction recall found no significant group differences after FWE 
correction. 
In extinction recall, comparing normalized individual SCR differences and beta 
values yielded no significant correlations. 
Multisource Interference Task 
 Accuracy and Response Time. Behavioral results from MSIT are displayed in 
Figure III.10. Across both groups, subjects showed increased reaction time to 
interference trials versus control trials (898.9 ± 90.29 vs 606.1 ± 56.59 ms, t(37)=29.07, 
p<.0001). Additionally, subjects showed decreased accuracy in the interference trials 
versus control trials (96.49 ± 4.02 v 98.81 ± 1.80 %, t(37)=5.128, p<.0001). There were 
no significant differences between groups in either accuracy or response time to MSIT 
trials. 
BOLD fMRI. Using whole brain analysis with FWE correction, significant 
differences were found in the task main effect (Interference vs Control) for all subjects. 
Location of peaks with effect sizes are listed in Table III.3, and significant activations are 
shown in Figure III.11. Regions found to be activated in the task included bilateral 
thalamus, bilateral fusiform gyrus, bilateral insula and ACC/middle cingulate gyrus. 
However, no significant differences were observed between the mTBI and control 
groups. 
 
Discussion 
The results from this study demonstrate that extinction learning is altered in 
patients with recent mTBI as compared to controls with recent trauma but without mTBI. 
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Subjects in the mTBI group showed a significant increase in SCR to the CS+E over the 
course of the early extinction run, as compared to the control group. Additionally, mTBI 
subjects showed a significantly higher SCR to CS+E versus CS- during the end of the 
first run of extinction. Both of these interactions showed that there was an elevated 
psychophysiological response to CS+E trials in mTBI patients versus controls during the 
extinction phase, indicative of an extinction learning deficit. Differences in BOLD signal 
further supported this interpretation, as CS+E vs CS- contrasts in late fear extinction 
uncovered greater activation in the mTBI group versus controls in insula and dACC, 
regions associated with the generation of the fear response (Greco and Liberzon, 
2016). The beta values extracted from these regions also demonstrate that these 
effects are driven by sustained activation in insula and dACC to the CS+E that is only 
seen in the subjects with mTBI. As mentioned in the introduction, impaired extinction 
learning has been observed in animal models of TBI (Heldt et al., 2014, Davies et al., 
2016, Schneider et al., 2016). The differences in SCR, as well as differences in BOLD 
signal associated with fear extinction are the first evidence of a deficit in fear-associated 
learning in human subjects with mTBI.   
We originally hypothesized that mTBI patients would have deficits in extinction 
retention, as this aspect of fear-associated learning has been implicated in 
posttraumatic stress disorder (PTSD). Although expectancy and SCR measures 
confirmed that our subjects were retaining a greater fear response to the CS+U versus 
CS+E and CS- at the beginning of extinction recall, no significant group differences in 
any measure, including BOLD signal, were found during early extinction recall. 
However, just as in extinction, significant differences were observed during the second 
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run of extinction recall. During extinction recall, subjects are essentially undergoing 
extinction of the CS+U, as it was not formerly associated with safety like the CS+E was 
on the previous day. Compared to controls, subjects in the mTBI group showed greater 
activation to CS+U versus CS- in two areas of dACC, as well as greater activation to 
CS+U versus CS+E in bilateral amygdala. Analogous to the findings in late extinction, 
extracted beta values from extinction recall show that the mTBI patients have sustained 
activation in these regions to CS+U that is not observed in the control group.  Again, this 
activation in dACC suggests that subjects with mTBI are continuing to activate the fear 
response, while the amygdala activation may suggest difficulties in encoding the CS-no 
US contingency (Greco and Liberzon, 2016). The significance of amygdala 
hyperactivation is harder to pinpoint due to the multiple roles of amygdala in both 
acquisition and extinction. Basolateral amygdala (BLA) is responsible for encoding both 
the acquisition and extinction memory, and centromedial amygdala projects to areas 
responsible for the production of the conditioned response (Maren and Quirk, 2004). 
However, numerous studies suggest that the central amygdala plays a critical role in 
fear learning (Li et al., 2013, Penzo et al., 2014, Penzo et al., 2015), and optogenetic 
studies suggest that different projections to the central amygdala enhance or inhibit fear 
learning (Tye et al., 2011). Thus, it is necessary to both examine subregions within 
amygdala as well as subpopulations of neurons that may increase and decrease the 
fear response. Conventional BOLD fMRI is unable to distinguish between these 
divisions of the amygdala, but future studies using multivariate pattern analysis may be 
able to discern where differential activation is occurring. Additionally, animal models of 
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mTBI are tremendously important in understanding the significance of alterations of 
amygdala activation during fear-associated learning following mTBI.  
The limited number of previously-completed fMRI studies in subjects with a 
history of mTBI commonly implicate areas of the frontal lobe and centrally-located limbic 
structures, such as insula and ACC (Eierud et al., 2014). Additionally, measures of 
white matter connectivity in mTBI patients frequently find anisotropy differences in 
frontal tracts like the genu of the corpus callosum and anterior corona radiata, as well as 
cingulate bundles and the uncinate fasciculus (Eierud et al., 2014). This fairly localized 
damage is most likely due to the centripetal force and frontal impacts commonly 
involved in brain injury. The regions implicated in this study are all located in this area, 
and dACC, insula and amygdala are connected to each other and the hippocampus 
through the cingulate bundles and uncinate fasciculus, suggesting that damage or 
inflammation in these areas may in fact be related to differences in fear-associated 
learning. Further, structural neuroimaging studies have found diminished hippocampal 
and amygdalar volumes following mTBI (Depue et al., 2014, Zagorchev et al., 2016), 
and these could be associated with deficient fear-associated learning processes. 
Studying functional and structural connectivity, and the way that measures of 
connectivity relate to extinction learning deficits, may be particularly informative in 
understanding how the damage and inflammation caused by mTBI may manifest in 
behavioral abnormalities and functional deficits. 
It should be noted that mTBI patients showed no difference in fear acquisition 
compared to controls, as evidenced in expectancy scores, SCR differences and brain 
activation.  Fear acquisition has been shown to be intact in previous studies of patients 
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who have experienced trauma, both with and without PTSD (Milad et al., 2009, 
Garfinkel et al., 2014). Both expectancy scores and SCR results from the second run of 
acquisition demonstrate that subjects acquired a fearful response to the CS+ versus the 
CS. Additionally, expectancy scores and SCR results from early extinction and CS+U 
results from early extinction recall demonstrate that the acquisition memory was 
retained into the the extinction phase and the extinction recall phase. These findings 
confirm that subjects in both groups performed the task properly and learned the CS-US 
contingency.  
Further, in our study there were no significant group differences in responses to 
the MSIT (both behaviorally and in BOLD signal), suggesting that attentional processes, 
especially conflict monitoring, remain intact in our subjects. Additionally, these results 
suggest that the BOLD signal differences we observed during extinction and extinction 
retention testing were not due to attentional deficits. This addresses the potential caveat 
that in the acute and subacute recovery phases from mTBI, patients often show 
impairments in attentional processing (Halterman et al., 2006, Malojcic et al., 2008), 
impairments that have been associated with hyperactivation in insula and ACC (Smits et 
al., 2009).  
There were several limitations that require consideration. Our population was 
limited to subjects who had experienced a traumatic event within two weeks of 
scanning, so all mTBI patients were in either the acute or subacute phase of injury. In 
the future, subjects should be studied also at later time points in order to determine 
whether the differences in fear-associated learning observed in this study remain, 
increase or dissipate over time. We also did not include sex hormone measures in our 
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analysis, and levels of estrogen and progesterone have been found to be associated 
with fear-associated learning differences (Lebron-Milad et al., 2012, Merz et al., 2012). 
Although we did not see any effects of gender on activation or SCR differences, larger 
groups of female patients should be included in future studies so that there is a 
sufficient cohort to investigate the interaction of sex hormone levels with fear-associated 
learning in mTBI patients. This study involved a heterogeneous sample of TBI patients, 
with subjects who experienced a variety of different traumatic events, including motor 
vehicle accidents, sports injuries and falls. Although this may improve the 
generalizability of the results, heterogeneous injury mechanisms may limit effect sizes, 
as some previous studies have suggested (Jovanovic et al., 2012, Rosenbaum and 
Lipton, 2012, Mayer et al., 2015). Additionally, all of the subjects in this study had very 
mild TBIs, as all subjects had a GCS score of 15, and none were admitted to the 
hospital. Although our correlations between measures of injury severity (i.e. LOC, PTA 
and number of post-concussive symptoms) and SCR and BOLD signal differences did 
not identify any significant relationships during any phase of fear-associated learning, it 
is possible that increased mTBI severity could produce more PTSD-like effects during 
extinction recall, in addition to extinction deficits.  
At very mild levels of injury, it is likely that slower or deficient extinction learning 
does not lead to deficits in extinction retention because these patients are able to 
eventually encode the safety trace. In more severe forms of injury, the safety trace may 
never be properly encoded, and retrieval of this trace will appear as a PTSD-like deficit 
in extinction recall. In fact, there is evidence that increasing severity of mTBI is 
associated with increased odds of developing PTSD (Roitman et al., 2013, Stein et al., 
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2015). Further, the effect of stress may impair contextual processing and retrieval of an 
improperly-coded safety memory, potentiating the effect of the extinction deficit. More 
studies need to be performed, in populations with higher rates of PTSD, in order to 
determine how stress interacts with the fear-associated learning deficits that we have 
observed in mTBI. 
As the first study of fear-associated learning in mTBI patients, the research 
described here demonstrates early fear extinction deficits following mTBI, confirming the 
fear extinction deficits observed in several animal studies. Additionally, it highlights 
greater differential activation during fear extinction in regions that are commonly 
affected by mTBI and known to be intricately involved in the fear response. 
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  Control mTBI  
Demographics 
 Number of Subjects 20 (10 female) 21 (9 female)  
 Race 19 C, 1 AA 18 C, 3 AA  
 Age 26.4 (SD=7.1) 24.62 (SD=7.8)  
 Days Between ED Visit and Scan 6.2 (SD=3.00) 6.7 (SD=3.2)  
 Right-Handed 18 (90%) 16 (76.19%)   
  Previous mTBI (self-reported) 5 (25%) 8 (38.1%)   
Injury Characteristics       
 Self-Reported Head Injury 5 (25%) 21 (100%) * 
 Lost Consciousness 0 (0%) 6 (28.6%) * 
 Post-Traumatic Amnesia 0 (0%) 3 (14.3%)   
  Number of Post-Concussive 
Symptoms 
0.40 (SD=0.5) 4.0 (SD=1.8) * 
Type of Injury    
 Fall 4 (20%) 8 (38.1%)  
 Sports Injury 6 (30%) 5 (23.8%)  
 Hit / Hit by object 4 (20%) 5 (23.8%)  
 Motor Vehicle Accident 6 (30%) 3 (14.3%)  
Accident-Related Self-Report 
Measures 
   
 Reported Pain at Time of Scan 14 (70%) 8 (38.1%) * 
 Pain Intensity (1-10) 3.9 (SD=2.12) 2.5 (SD=2.5)  
 Time to Recover Physically 25.7 days 
(SD=20.6) 
22.7 days 
(SD=41.8) 
 
 Time to Recover Emotionally 27.4 days 
(SD=82.3) 
34.5 days 
(SD=87.6) 
 
 Certainty of Recovery (1-10) 9.6 (SD=0.6) 9.1 (SD=1.7)  
Psychiatric Self-Report Measures    
 ASDS 32.7 (SD=10.2) 36.7 (SD=13.6)  
  > 55 0 (0%) 3 (14.3%)  
 STAI Y-1 30.6 (SD=10.5) 34.0 (SD=11.3)  
 STAI Y-2 33.7 (SD=10.4) 37.38 (SD=11.9)  
 PCL-S 22.0 (SD=5.8) 26.2 (SD=9.9)  
  > 35 0 (0%) 4 (19.0%) * 
 MDI 8.8 (SD=7.4) 12.5 (SD=10.9)  
  Met criteria for moderate 
depression 
0 (0%) 2 (9.5%)  
 
Table III.1: Sample demographics and characteristics. AA, African-American; ASDS, 
Acute Stress Disorder Scale; C, Caucasian; MDI, Major Depressive Inventory; PCL-S, 
Posttraumatic Stress Disorder Checklist- Stressor Specific Version; STAI, State-Trait 
Anxiety Inventory. * = p < .05 
  
  
 
95 
Area Side 
Coordinates 
(x, y, z) K (voxels) Z-score pFWE 
 Late Extinction: CS+E > CS-, mTBI > control 
Insula* L -33, 8, 4 96 4.05 0.012 
Insula* R 33, 14, 4 84 3.86 0.016 
dACC*  6, 23, 25 273 3.83 0.034 
Late Extinction Recall: CS+U> CS-, mTBI > control 
dACC* L -12, 14, 34 69 4.12 0.016 
dACC* R 12, 8 , 37 52 3.21 0.031 
Late Extinction Recall: CS+U> CS+E, mTBI > control 
Amygdala* R 30, -4, -20 10 3.17 0.041 
Amygdala* L -21, 1, -23 6 3.23 0.050 
 
Table III.2: Brain activity during fear extinction and extinction retention. pFWE < 0.05, * = 
small volume correction.  
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Area Side 
Coordinates 
(x, y, z) K (voxels) Z-score pFWE 
Superior Parietal Lobule / Inferior Parietal Lobule L -27, -61, 43 1210 Inf <0.001 
Middle Frontal Gyrus / Superior Parietal Lobule L -30, -1, 49 273 7.33 <0.001 
Inferior Occiptal Gyrus / Lingual Gyrus R 33, -85, -5 248 7.00 <0.001 
Precuneus R 24, -58, 40 263 6.76 <0.001 
Precentral Gyrus R 27, -1, 49 88 6.61 <0.001 
Inferior Frontal Operculum L -42, 5, 28 75 6.32 <0.001 
Cerebellum R 36, -64, -26 245 6.06 <0.001 
Insula R 36, 17, 1 21 5.20 <0.001 
Thalamus L -12, -13, 10 26 5.06 <0.001 
Insula L -27, 29, 1 9 5.00 <0.001 
 
Table III.3: Brain activity during multisource interference task. Interference > control 
contrast for all subjects. All activation is from whole brain analysis, pFWE <0.05. 
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Figure III.1: In-scanner fear conditioning paradigm. Adapted from Milad et al, 2007 and 
Garfinkel et al, 2014. 
  
CS+U CS+U
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Figure III.2: Sample multisource interference task (MSIT) trials. Adapted from Bush and 
Shin, 2006. 
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Figure III.3: Expectancy scores from the fear conditioning task across both groups. 
Scores were coded on a scale of 1 to 5. (A) Expectancy scores from fear acquisition 
demonstrate that subjects learned the CS-US contingency. (B) Expectancy scores from 
fear extinction demonstrate that subjects maintained the CS-US contingency into early 
extinction and properly extinguished response to the CS+E by the end of extinction. (C) 
Expectancy scores from the first run of extinction recall demonstrate that subjects 
maintained the acquisition memory to CS+U. * = p<.05, ***=p<.001 
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Figure III.4: Skin conductance response (SCR) measures from fear conditioning. (A) 
SCR differences in late fear acquisition demonstrate that subjects across groups 
acquire the fear response to the CS+. (B) SCR differences in early fear extinction 
demonstrate that subjects across groups maintain the fear response to the CS+ into the 
beginning of the extinction phase. (C) SCR differences in late fear extinction 
demonstrate that subjects properly extinguish the fear response to CS+E. (D) SCR 
differences in early extinction recall show that . (E) Group differences in SCR during the 
first run of fear extinction. * = p <.05  
*
*
*
*
Early	Extinction
A B C
D E
A B C 
D E 
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Figure III.5: Group differences in BOLD signal during the second run of extinction in (A) 
dorsal anterior cingulate cortex (dACC) and (B) bilateral insula. All images are from the 
CS+E> CS-, mTBI > control contrast, p<.05 with familywise error after small volume 
correction.  
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Figure III.6: Beta values from extinction runs 1 and 2, extracted using a 5 mm sphere 
centered around peaks from late extinction CS+E > CS-, mTBI > control contrast in (A) 
dorsal anterior cingulate cortex (dACC, 6, 23, 25) and (B) left insula (-33,8,4).  
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Figure III.7: Skin conductance response (SCR) versus differential blood oxygen level 
dependent (BOLD) response in dorsal anterior cingulate cortex (dACC) to CS+E versus 
CS- during late fear extinction. Increased fear response was associated with increased 
dACC activation to CS+E trials versus CS- trials. 
  
SCR versus BOLD signal in dACC to CS+E>CS-, Late Extinction
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Figure III.8: Group differences in BOLD signal during the second run of extinction recall 
in (A) left and right dorsal anterior cingulate cortex, CS+U versus CS-, mTBI vs control 
contrast, and (B) left and right amygdala, CS+U versus CS+E, mTBI vs control contrast. 
p<.05 with familywise error after small volume correction. 
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Figure III.9: Beta values from extinction recall runs 1 and 2. From 5 mm sphere 
centered around peaks from late extinction recall; (A) CS+U > CS-, mTBI > control 
contrast in dorsal anterior cingulate cortex (dACC, 12, 8, 37) and (B) CS+U > CS+E, 
mTBI > control contrast in right amygdala (anatomical mask). 
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Figure III.10: Behavioral results from the multisource interference task across groups. A) 
Subjects showed increased reaction time to interference trials versus control. B) 
Subjects showed decreased accuracy in the interference trials versus control trials. 
Results indicate that there were no impairments in attention in either group during the 
task. 
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Figure III.11: BOLD signal differences in the multisource interference task from all 
subjects, interference > control trials. Clockwise starting from top left, bilateral fusiform 
gyrus, bilateral thalamus, bilateral insula and dorsal anterior cingulate cortex / middle 
cingulate cortex. Whole brain analysis, p<.05 after family-wise error correction.  
 
 
Multisource Interference Task
All Runs, Interference > Control Trials
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CHAPTER IV 
Discussion 
 
As stated throughout this dissertation, mTBI is a significant public health 
challenge, and the epidemiological relationship between mTBI and PTSD is particularly 
important and poorly-understood. Understanding if and how mTBI leads to increased 
prevalence of posttraumatic stress symptoms opens the door for new treatments that 
may prevent the development of PTSD following brain injury.  
The work performed here specifically investigated the hypothesis that mTBI leads 
to deficits in fear-associated learning that may predispose patients to PTSD 
development. First, we sought to establish that there were differences in the behavioral 
response to conditioned stimuli during fear acquisition, extinction and/or extinction 
retention (recall). We initially expected that the deficits in mTBI would mirror those seen 
in both animal models of PTSD and PTSD patients i.e. impaired extinction retention 
(Milad et al., 2009, Knox et al., 2012a, Garfinkel et al., 2014). However, both behavioral 
results in rats that underwent controlled cortical impact (CCI) and behavioral results in 
patients with recent mTBI instead pointed to an alteration in extinction learning. 
Fear acquisition was fully intact in all experimental groups, across rat and human 
modalities. Rats across all groups conditioned fully, according to freezing behavior 
during the acquisition phase and at the beginning of the extinction phase. Additionally, 
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expectancy scores and SCR data confirmed that human subjects conditioned properly, 
and mTBI subjects did not differ from controls in either of these measures. Further, there 
were no group differences in brain activation during fear acquisition. Some studies of 
freezing behavior in animal models of TBI have suggested that brain injury enhances 
fear acquisition (Elder et al., 2012, Meyer et al., 2012, Reger et al., 2012) while others 
have suggested that it impairs acquisition (Palmer et al., 2016), but no differences in 
fear conditioning were observed in any of our experiments. As mentioned in previous 
chapters, it is possible that differences in both injury and fear-associated learning 
protocols are responsible for inconsistent results. Most of the studies that found 
differences in fear acquisition collapsed measures of freezing behavior across time 
periods (in contextual conditioning) or cue presentations, which limits the ability to 
distinguish deficits in acquisition from deficits in extinction. 
In our experiments, there was remarkable consistency in the results we observed 
during the extinction phase in both animals and patients with recent mTBI. In both 
animal experiments, there was a significant interaction between time and injury that 
suggested that injured animals were not encoding the safety trace as efficiently as the 
uninjured animals. This effect was seen across the SPS manipulation and in animals at 
both 8 days and 16 days post-surgery. In humans, we noted increased SCR to CS+E vs 
CS- in the mTBI group versus controls in the middle of extinction learning, as well as 
increased SCR to CS+E during the second half of the first run of extinction versus the 
first half. This effect was not observed in controls. 
As stated earlier, several previous studies of fear-associated learning in animal 
models of TBI have found deficits in extinction learning (Heldt et al., 2014, Davies et al., 
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2016, Schneider et al., 2016). Similar findings were observed here, but several studies 
have reported negative results in extinction that should be addressed. Meyer, et al 
(2012) did not report differential extinction effects following weight-drop injury, but their 
extinction procedures occurred in the same context as conditioning. Retaining the same 
visual, olfactory and auditory contextual inputs significantly impacts extinction 
processing, as there is complete overlap between the contextual information that is 
being encoded in the safety trace and the contextual information that was previously 
encoded in the fear trace during acquisition. Widely varying injury mechanisms, as well 
as parameters within the same protocols may also explain some of the variability in 
findings. However, since mTBI in humans has so many different injury mechanisms and 
varying severities of impact, it is important that modelling mTBI in animals also 
examines different mechanisms. With all of these models, cross-validation of behavioral 
results and neural differences with findings in human mTBI patients is tremendously 
important in establishing models of TBI in rodents. 
Additionally, we wanted to test the hypothesis that changes in neurobiology and 
brain activation in animal models of mTBI and patients with recent mTBI, particularly in 
amygdala, HC, dACC and insula, would underlie dysfunctions in fear-associated 
learning. In animals, the CCI model does not cause specific damage to ACC, insula or 
amygdala (due to location of insula and ACC, and the depth of the amygdala below the 
cortical surface). Therefore, we focused our histopathological measures on 
hippocampus and general cortex. The relatively mild severity of impact did not lead to 
visible neuronal cell loss or contusions (as examined with cresyl violet staining), similar 
to the lack of notable findings in conventional CT and MRI imaging of human patients 
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with mTBI (Shenton et al., 2012). We did, however, observe an increased inflammatory 
response (signified by increased microglial activation) in ipsilateral thalamus and cortex 
at 10 days post-injury in CCI-injured animals versus controls, and the area of 
microgliosis in ipsilateral thalamus was associated (at trend levels) with increased 
freezing during extinction recall in injured animals. The inflammation in thalamus could 
be a general marker of the brain-wide inflammatory response, or it could directly 
contribute to deficient extinction retention. Further behavioral studies are necessary to 
determine whether this trend-level interaction is legitimate, and subsequent examination 
of the many modulatory neurotransmitter systems (including GABAergic, serotonergic 
and adrenergic systems) in thalamic nuclei is required to understand the nature of this 
relationship. 
There was not a significant difference in activation of microglia in ipsilateral 
hippocampus at 10 or 18 days post-injury, but we also did not see differences in 
numbers of neuronal progenitors. There were no significant differences in BOLD signal 
observed within the hippocampus, suggesting that contextual modulation processes 
thought to be compromised in patients with PTSD might not be affected immediately in 
mTBI. Despite negative results, it is highly important to continue investigating changes 
in hippocampal activation and concentrations of hormones (particularly 
mineralocorticoids and glucocorticoids), neurotransmitters (including GABA and 
glutamate) and their receptors, as there is substantial evidence in previous studies of 
mTBI that suggest that brain injury specifically affects hippocampal function (Girgis et 
al., 2016). It is also possible that the timing of our animal experiments did not allow us to 
capture changes in hippocampal neurogenesis following injury (Yu et al., 2008), and it is 
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also possible that increased severity of mTBI in humans may lead to functional changes 
in extinction learning in hippocampus. 
Results from neuroimaging confirmed the extinction deficits that we observed in 
behavioral data and demonstrated that several of hypothesized regions of interest were 
differentially activated during fear-associated learning. Greater dACC and bilateral 
insula activation to CS+E versus CS- trials during the second run of extinction in mTBI 
patients versus controls suggests that these regions involved in the generation of the 
fear response are hyperactive to a stimulus that is being extinguished. Additionally, 
greater activation in dACC to CS+U versus CS- suggests that increased activation of 
the fear response also occurs when the CS+U should be extinguished during late 
extinction recall. Greater activation in bilateral amygdala to CS+U versus CS+E in mTBI 
patients versus controls in late extinction recall may also signify an exaggerated fear 
response, or it may correspond to extended encoding of the CS+U – no US contingency 
in the safety trace. 
Our investigations into how PTSD interacts with mTBI in animal models were 
less informative. In the second animal experiment, increased freezing behavior was 
observed in injured animals during fear extinction, but there was no effect of SPS. This 
was expected, as previous studies in our laboratory have not found differences during 
the extinction phase in SPS animals (Knox et al., 2012b, Knox et al., 2012c). However, 
we did not replicate an effect of SPS on the extinction recall phase of fear learning, in 
animals with or without CCI. It is possible that the added stress of surgery (with or 
without CCI) masked the effect typically seen in SPS animals. Further experiments may 
elucidate the effect of timing on this interaction. A seven-day recovery period following 
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injury, although important for the wellbeing of the experimental animals, means that the 
next step of the experimental protocol occurs late in the subacute phase of injury 
recovery. Adding the 8-day SPS procedure then pushes behavioral testing into chronic 
phase of recovery. This was witnessed in the immunohistochemistry experiments, as 
differences in microglial activation were only seen at 10 days post-injury, and only in 
ipsilateral thalamus and cortex. Since the CCI procedure was well-tolerated by all 
animals, it should be possible to shorten the recovery period and examine whether 
behavioral differences are intensified in the acute and subacute phases of injury.  
In the human neuroimaging experiments described here, we did not perform 
follow-up assessments looking into development of PTSD, as we had a small sample 
size (41 total subjects), and were limited by timing and the inability to recruit large 
numbers of patients. Despite the increased risk of PTSD in mTBI patients, the rate of 
PTSD in civilians with mTBI is relatively low, with one recent study of trauma patients 
finding that 18% of mTBI patients met criteria for PTSD diagnosis at 3 months post-
injury (versus 9% in matched trauma-exposed controls) (Warren et al., 2015), and 
another study found only 8.8% of mTBI patients met criteria for PTSD at 3 months post-
injury (versus 2.2% of trauma-exposed controls) (Lagarde et al., 2014). Our sample size 
necessarily precluded us from the ability to comprise a large enough group of mTBI 
patients who later developed PTSD. Further, a majority of our subjects experienced 
fairly minor trauma, with a large proportion experiencing sports injuries or falls rather 
than events with higher rates of PTSD development like motor vehicle accidents or 
assault. This is reflected in scores on the posttraumatic stress disorder checklist (PCL-
S) and acute stress disorder scale (ASDS), as only 9.8 and 7.3% of subjects met 
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common screening criteria for PTSD and ASD, respectively. We analyzed correlations 
between SCR and BOLD signal differences and injury characteristics (number of 
postconcussive symptoms (PCS), loss of consciousness (LOC)), but we did not detect 
significant relationships. This is likely due to power concerns in our sample, as we only 
enrolled 3 subjects with posttraumatic amnesia and 6 subjects with LOC. As incidence 
of LOC during mTBI is associated with subsequent increased rates of PTSD (Roitman 
et al., 2013), and increased mTBI severity is also associated with increased PTSD rates 
(Stein et al., 2015), further studies with a larger and a slightly more severely injured 
sample are critical. 
The findings in animals exposed to CCI and human subjects with recent mTBI 
potentially suggest that a different mechanism is responsible for the fear-associated 
learning deficits seen in mTBI versus PTSD. The impairments in extinction recall that 
are consistently observed in PTSD patients and models of PTSD were not seen here. 
Deficits in extinction learning have been reported inconsistently in PTSD patients or 
animal models of PTSD, but this phase of fear-associated learning was clearly the most 
affected by TBI in our model and in our subjects. Further, the greater differential 
activation in amygdala and dACC that we observed in mTBI patients and the increased 
freezing behavior we observed in injured rats during extinction retention do not appear 
to be problems in the recall of the safety trace; rather, they both occurred late in 
extinction retention testing and are also likely indicative of an impairment in extinction 
learning. The data in animals does suggest that the safety trace is encoded by the end 
of the extinction phase, and this is also suggested by the lack of deficits or differential 
activation in human subjects at the beginning of extinction retention testing. It is 
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possible that slightly increased severity of injury could lead to greater deficits in 
extinction learning that do cause the safety trace to be improperly coded. Extinction 
retention testing may then uncover a deficit in extinction recall, although the mechanism 
of this deficit would be different than what is hypothesized in PTSD. Studies of 
extinction retention and fear renewal suggest that contextual processing is impaired in 
PTSD, rather than just an inability to recall the safety trace (Garfinkel et al., 2014). 
Stress from more severe traumatic events than those experienced by subjects in our 
sample may lead to contextual processing deficits that combine with mTBI-induced 
extinction learning deficits to cause impairments in extinction recall, even if the mTBI 
injury is no more severe than the mTBIs seen in our sample. In order to distinguish 
between these various possible mechanisms, studying (slightly) more severe injury and 
traumatic events is necessary, and properly characterizing the sample (based on injury 
severity and posttraumatic stress symptoms) is extremely important. 
The role of chronicity may also be studied in human patients. In fact, one 
possible way to recruit more patients with more “moderate” mTBIs is to expand the time 
between trauma and the scanning session. This would answer questions about the 
timing and length of fear-associated learning deficits in mTBI. There is some debate as 
to whether the same trauma can be responsible for both mTBI and PTSD (Vasterling, 
2012), and examining fear-associated learning at different time periods after the 
traumatic event will shed light on the period of time that extinction deficits occur 
following mTBI. The obvious caveat with such a study is the need for increased power. 
Although increasing the time period between mTBI and study participation would make 
it easier to enroll subjects who may have more symptoms that preclude their immediate 
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enrollment, increased subject numbers would be necessary to account for the different 
time points post-injury. 
As suggested earlier, one of the most exciting aspects of these experiments is 
the cross-validation of behavioral results in an animal model with behavioral results from 
humans. To our knowledge, no studies have been completed that investigated fear-
associated learning in patients with mTBI. Establishing a well-tolerated and 
representative model of TBI (+/- a similarly valid PTSD model) will allow for future 
studies that dive deeper into the neurotransmitter, hormonal and inflammatory changes 
that may underlie the deficit in fear extinction we observed in these experiments.  
Investigating changes in the levels of stress hormones and hormone receptors 
may elucidate potential mechanisms involved in impaired fear learning in TBI, as well as 
the interaction between TBI and PTSD. Interestingly, limited studies suggest that TBI 
and PTSD have opposite effects on glucocorticoid receptor (GR) expression within the 
hippocampus, as several studies using the SPS model have demonstrated enhanced 
GR expression in hippocampus and prefrontal cortex (Liberzon et al., 1999, Wang et al., 
2009, Knox et al., 2012c), while studies in rodent models of TBI have found either 
unchanged or diminished GR expression in hippocampus (Gao et al., 2012, Griesbach 
et al., 2012). This does suggest a different mechanism of impaired fear-associated 
learning in the two disorders, but further research, as well as correlations with freezing 
behavior should be conducted. Additionally, investigating changes in GR in the 
combined model of CCI and SPS would be interesting given the opposing effects seen 
in previous research. 
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The contributions of glutamate to fear-associated learning have been well-
described, while contributions of GABA are less clear. However, changes in receptor 
and neurotransmitter concentration in both of these systems following TBI may play a 
role in the changes observed in fear-associated learning. Glutamate receptors (both 
NMDA and AMPA) within amygdala are necessary for fear acquisition, and NMDA 
receptors appear to be involved in extinction as well (Lee and Kim, 1998, Walker and 
Davis, 2002). Additionally, studies of inhibitory GABAergic neurons within hippocampus, 
amygdala and PFC have suggested a variety of different contributions, including 
disruption of fear acquisition in hippocampus and amygdala (Brioni et al., 1989, Harris 
and Westbrook, 1999, 2001, Heldt and Ressler, 2007), disruption of fear extinction 
(Akirav et al., 2006, Hart et al., 2009) and disruption of extinction retention (Corcoran et 
al., 2005). The preponderance of evidence suggests that GABA inhibits the 
consolidation of both the danger and safety traces following acquisition and extinction 
(Makkar et al., 2010). Findings in glutamatergic neurons following LFPI have been 
inconsistent, with Schwarzbach et al. (2006) and Aungst et al. (2014) finding that 
glutamatergic excitatory transmission within hippocampus is weakened, while Reger et 
al. (2012) found increased NMDA receptor concentration in basolateral amygdala. 
Additionally, both decreases and increases in inhibitory transmission have been 
observed in hippocampus following TBI (Witgen et al., 2005, Mtchedlishvili et al., 2010). 
Generally, evidence suggests that the balance between excitatory and inhibitory activity 
within hippocampus goes awry following TBI (Atkins, 2011). This variance may underlie 
some of the inconsistent findings in fear-associated learning in rodent models of TBI. 
Examining the relationship between behavior during fear extinction and neurobiological 
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and electrophysiological measures of GABAergic and glutamatergic transmission will 
shed light on the contribution of each system to the deficits that we observed in our 
experiments. 
Assessing the effect of CCI and SPS on the ability of neurons to communicate 
within and between brain regions with electrophysiology may provide further insight into 
network-level changes in brain injury. Deficits in long-term potentiation within 
hippocampus following TBI in rodents have been observed in numerous studies 
(Schwarzbach et al., 2006, Cohen et al., 2007, Atkins, 2011, Aungst et al., 2014), and, 
given the crucial role of hippocampus in encoding contextual information during 
extinction, this may explain why a decreased rate of extinction learning was observed in 
animals who received CCI. Examining excitability and long-term potentiation in 
hippocampus following fear-associated learning experiments will allow for correlations 
of behavioral measures of freezing with electrophysiology and help determine whether 
deficits in hippocampus underlie impaired extinction learning following TBI. Additionally, 
reduced excitability within amygdalar circuits (and in outputs from basolateral amygdala) 
has been shown following lateral fluid percussion injury (LFPI) (Palmer et al., 2016). 
This study found decreased freezing behavior during a short acquisition testing period, 
but did not examine extinction (Palmer et al., 2016). Given the role of amygdala in both 
acquisition and extinction learning, it is feasible that damage, inflammation or other 
changes in amygdala following TBI cause problems with encoding the CS-no US 
contingency during extinction. Interpreting findings in amygdala, particularly in humans, 
is complicated by its role in both acquisition and extinction, and that separate 
projections to the amygdala appear to enhance and inhibit fear learning (Tye et al., 
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2011). These complexities require electrophysiological and possibly optogenetic 
techniques that can specifically target subpopulations of neurons within amygdala and 
determine which pathways are responsible for the differences we observe in fear-
associated learning following TBI. 
Large-scale histological measures of neuronal cell death and contusion volume 
did not capture differences between sham and CCI surgery, but more sensitive 
measures of apoptosis could capture subtler differences in cell death. Markers of 
apoptosis could also be used to determine whether the extent of cell death following 
CCI relates to fear-associated learning deficits. Timing is quite critical in these 
experiments, as one previous study using H&E, DNA electrophoresis and terminal 
deoxynucleotidyl transferase nick-end labeling (TUNEL) showed that apoptotic changes 
peak at 1 day post-CCI (with significantly greater velocity and impact depth than used in 
our experiments) and match controls by day 14 (Newcomb et al., 1999). Increased 
amounts of dystrophic neurons have been observed in amygdala, thalamus and 
hippocampus following CCI and weight-drop injuries (Colicos et al., 1996, Meyer et al., 
2012). Correlating measures of apoptotic cell death in these regions of interest with 
measures of freezing behavior following CCI/SPS could help determine which regions 
are responsible for impairments in extinction learning and suggest a possible 
mechanism. The effect of SPS on cell death following CCI could also be determined, but 
it will probably be necessary to begin the SPS protocol more quickly after CCI surgery 
to see any effects.  
Although the forces generated during an mTBI cause damage to individual brain 
regions (and we observed numerous regional differences in extinction learning), they 
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tend to be particularly harmful to connections between regions (Bigler and Maxwell, 
2012). Differences in mean diffusivity (MD) and fractional anisotropy (FA) in cingulum 
bundles (Wu et al., 2010, Wilde et al., 2012) have been reported in DTI studies of mTBI, 
and abnormalities in resting-state connectivity (within default mode network, DMN 
(Spreng et al., 2008, Qin and Northoff, 2011)) have also been reported after mTBI (Tang 
et al., 2011, Johnson et al., 2012, Zhou et al., 2012). However, the source and the link 
of these findings to pathophysiology remain unclear. Our experimental design included 
neuroimaging modalities that provide several measures of network connectivity. Before 
the fear conditioning paradigm on both scanning days, subjects underwent 10-minute 
scans at rest in order to measure resting state connectivity. Additionally, we included a 
6-minute diffusion tensor imaging (DTI) scan to obtain measures of white matter 
integrity like FA and MD. We analyzed the resting-state scans with seed-based 
connectivity measures, taking candidate seed regions within the default mode network 
(vmPFC and posterior cingulate cortex (Sripada et al., 2012)), as well as hippocampus 
and amygdala, to determine whether there were any differences in functional 
connectivity between mTBI subjects and controls. We did not see any significant 
differences in these connectivity measures, either due to limited power (20 control and 
21 mTBI subjects), the quite mild severity of injuries that were sustained by our 
subjects, and/or the heterogeneity of injury mechanisms present in our sample. 
However, further analyses that do not rely upon pre-selected seeds (including 
independent component analysis) will be completed in order to investigate whether any 
changes in functional connectivity were present in our sample, and whether these 
changes correlate to differences in SCR or task-based activation. Additionally, analysis 
  
 
121 
of the DTI data for our subjects will be completed, and relationships between FA and 
MD in white matter tracts (i.e. cingulum bundles, genu of the corpus callosum) and 
measures of task-based activation, functional connectivity and SCR will be analyzed. 
Again, recruiting a sample with higher injury severity or more homogenous injury 
mechanisms may help improve effect sizes in measures of brain connectivity, with the 
same caveat of reduced generalizability. 
Finally, as the ultimate goal of most clinical and translational research is to 
improve patient outcomes, investigating the effect of treatment on fear-associated 
learning in mTBI patients is an exciting future direction. The endocannabinoid system 
(ECS) is a particularly interesting target for treatment in PTSD, as several studies using 
agonists and knockouts of the cannabinoid type 1 (CB1) receptor have suggested that 
the ECS is required in extinction learning (Ruehle et al., 2012). Specifically, CB1 
knockout mice have shown impairments in within-session extinction, the same type of 
impairment that we observed in our animal and human studies of mTBI (Plendl and 
Wotjak, 2010). Additionally, there is evidence that Delta9-tetrahydrocannibinol (THC) 
administration enhances fear extinction recall in humans (Rabinak et al., 2013, Rabinak 
et al., 2014). Given the role of endocannabinoids throughout extinction learning, 
agonists such as THC may improve the rate of extinction learning in mTBI patients.  
 One commonly used and effective therapy in PTSD that may also affect fear-
associated learning in mTBI is prolonged exposure (PE) therapy, which involves 
repeated exposure to the traumatic memory (RETM). One neuroimaging study using 
functional connectivity measures showed that RETM is associated with strengthened 
connectivity of the amygdala with regions such as hippocampus and insula, as well as 
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mPFC with insula, and hippocampus with dACC (Cisler et al., 2014). Additionally, 
exposure therapy in patients with specific phobia has been associated with increased 
activation in PFC and decreased activation in amygdala, insula, and cingulate cortex 
during the presentation of phobia-related images (Hauner et al., 2012). We observed 
hyperactivation in several of these regions during extinction in mTBI patients. PE could 
be investigated as a preventative therapy in populations of mTBI patients with high 
percentages of PTSD development, including veterans, assault victims, and motor 
vehicle accident survivors.  
Clearly, there are many important follow-up studies to be performed in human 
mTBI patients and rodent models that will help determine the underlying neurobiological 
mechanisms of impaired TBI. However, the research performed in this dissertation 
represents a step forward in the field, as it provides evidence of differential extinction 
processing in human mTBI patients. The parallel findings in humans and rats can 
provide a standard for behavioral and neural findings in other models of brain injury.  
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